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ABSTRACT  
 This dissertation focuses on two main projects, global chlorination and enamide 
functionalization, which both encompass in cationic intermediates. Inspired by the desires to find 
a new chlorination method, global chlorination project is emphasized in chapter one and chapter 
two, in which chapter one details various known chlorine-containing natural products, including 
alkyl chlorides and vinyl chlorides. This chapter also describes the previously known protocols to 
synthesize alkyl chlorides in the attempts of chlorosulfolipids total syntheses, as well as several 
known reactions to synthesize vinyl chlorides that are both important functional groups in organic 
synthesis. Chapter two depicts our novel synthetic reaction methodology to install carbon-chlorine 
bonds using a mild reaction conditions of triphosgene-pyridine mixture. These conditions were 
applicable not only in converting stereocomplimentary 1,3-anti and 1,3-syn diols to their 
corresponding 1,3-anti and 1,3-syn dichlorides, but also 1,3,5-anti and 1,3,5-syn triols to their 
respective 1,3,5-anti and 1,3,5-syn trichlorides. Further utilization of triphosgene-pyridine mixture 
is also described in chapter two where ketones were successfully transformed into vinyl chlorides.  
 Meanwhile, chapter three to chapter five describe the enamide functionalization project, 
which involves in the formation of 2-amidoallyl cation intermediates. Chapter three explains 
several known methods to generate both 2-amino and 2-amidoallyl cations and their applicability 
in mainly cycloaddition reactions. The importance of enamide functional groups and the limited 
2-amidoallyl cations exploration encouraged us to discover a new reaction method, especially by 
using Brønsted acid, and these are detailed in chapter four and chapter five. By using catalytic 
amount of pyridinium triflate in room temperature, regioselective nucleophilic addition to the a’-
position was successfully achieved to produce numerous a,a’-substituted enamides in high yields, 
as presented in chapter four. Extension of this method using catalytic amount of chiral Brønsted 
	 xix 
acid is demonstrated in chapter five. In the presence of chiral phosphoric acid in dichloroethane at 
-10 °C or -5 °C, direct nucleophilic addition was obtained at the b-position to yield the 
unprecedented a,b-substituted enamides in high yields with excellent regioselectivity and 





CHAPTER ONE: INTRODUCTION TO POLYCHLORINATED COMPOUNDS AND 
THEIR KNOWN SYNTHESIS METHODS   
 
1.1 Purpose 
The purpose of this chapter is to describe the presence of chlorinated compounds, either 
commercially available synthetic compounds or those that naturally occur as natural product 
compounds. A review of the previously known chlorination methods towards their applications in 
the total synthesis of chlorosulfolipids will also be discussed. Scope of the chlorinated compounds 
that are described in this chapter includes vinyl chloride functional group.     
1.2 Synthetic Chlorinated Compounds 
 To date, synthetic halogenated compounds have been found to be important in organic 
chemistry, industry, agriculture, and in pharmaceutical. In organic synthesis, alkyl halides are 
important intermediates for many other reactions, for example substitution reactions, elimination 
reactions, and Pd-catalyzed coupling reactions.1-5 In industrial scale, alkyl halides also known to 
have many functions, such as as solvent,6 and also as precursor to synthesize reagents, i.e. Grignard 
reagents.7 In particular, synthetic chlorinated compounds are widely used in both agricultural and 
pharmaceuticals areas. As seen in Figure 1.1, chlorinated compounds DDT (1.1) and Aldrin (1.2) 
were widely used as insecticides, although they are most likely no longer being approved to be 
used due to their high toxicity level to the environment.8-9 Meanwhile, chlorinated sucrose 
(sucralose), Splenda (1.3), are commonly used as sweetener.10-11 Chlorinated aromatic compound 
categorized as polychloro phenoxy phenol, as in Triclosan (1.4), acts as an antibacterial and 
antifungal agent in consumer products, including toothpaste, soaps, detergents, toys, and surgical 
cleaning treatments. However, FDA recently announced the banning of triclosan as active 
ingredient in antibacterial products.12-13 Other chlorinated aromatic compounds are also commonly 
found as the active ingredients in medicinal drugs, one of the reasons is because of the halogen 
2 
	
bonding principle.14 For examples, Clopidogrel or Plavix® (1.5)15 and Sertraline or Zoloft® (1.6)16 
are both still being used as anti-coagulant and anti-depressant, respectively. 
 
	
Figure 1.1 Several chlorine-containing compounds in commercial products 
	
 On the other hand, vinyl halides that also belong as one of the functional groups in 
halogenated compounds are mostly employed as precursor in many organic reactions, such as cross 
coupling reactions (Kumada-Corriu, Negishi, etc).17-18 Most importantly, vinyl chlorides are 
widely used as the monomer source of polymer synthesis, including PVC plastic and vinyl 
products (Figure 1.2). 19-20 
 
 
Figure 1.2. Commercial PVC pipes 
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1.3 Chlorine-Containing Natural Product Compounds  
 From only less than 50 examples in 1968, the number of naturally occurring 
organohalogens today is more than 4700 and steadily increasing to be discovered in all regions of 
the world.21 Amongst them, chlorinated natural product compounds are widely diverse in structure 
and demonstrated potent and selective biological activities, in which few examples are depicted in 
Figure 1.3.22 An alkaloid compound containing bicyclo pyridine class, epibatidine (1.7), was firstly 
isolated in 1974 by John Daly and known as poison secreted by the Ecuadoran frog Epipedobates 
anthonyi.23 Initially, it was thought that epibatidine could be used as analgesic drug; however, due 
to the lethal effect even at very low doses, it is no longer being researched as potential drug.24 
Another chlorine-containing alkaloid compound is cylindricine A (1.8), which was isolated from 
the Tasmanian ascidian Clavelina cylindrical and known to have a unique saturated 1H-
pyrrolo[2,1-j]quinoline ring system.25  
 
Figure 1.3 Examples of alkyl or aryl chloride-containing natural products	
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 Rumbrin (1.9) is an example of organochlorine natural product in polyketide class, which 
contains a highly unusual chloropyrrole moiety. This compound was first isolated from the fungus 
Auxarthon umbrinum in 1993 and was known to possess potent anticancer and cytoprotective 
properties.26-27 Meanwhile, a relatively simple structure in the dichlorinated nitro-pyrrole, 
pyrrolomycin A (1.10), was produced by an Actinomyces sp. and was reported active as microbial 
antibacterial.28 Indole-type chlorinated compounds, Akashin A (1.11) and B (1.12), were also 
isolated in bacteria cultures, Streptomyces sp. in 2002 by Laatsch group. These indigoglycosides 
showed activities against various human tumor cell line.29 In the steroid family, Clionastatin A 
(1.13) and Clionastatin B (1.14) were isolated from the Mediterranean burrowing sponge Cliona 
nigricans in 2004 by Fattorusso.30 Both compounds were the first polyhalogenated steroids 
observed in nature and so far remain one of the few chlorinated steroids in which the chlorine 
atoms are not integral to chlorohydrins. They also have several features that distinguish them from 
any previously isolated steroid, which interest Vanderwal group to perform the total synthesis of 
these compounds.31 
 Likewise, vinyl chloride-containing metabolites are also frequently found in nature, as 
represented in Figure 1.4. For example, Okinawan bivalve Pinna muricata was reported to produce 
pinnaic acid (1.15) by Uemura and co-workers in 1996. This azaspiro compound was targeted as 
an anti-inflammatory agent and was found to inhibit a cytosolic phospholipase A2 (cPLA2) with 
IC50 0.2 mM.32 Due to the potential bioactivity of this compound, multiple groups including 
Heathcock and Danishefsky reported the total synthesis of pinnaic acid.33 Credneramide A (1.16) 
was isolated in 2011 from a Papua New Guinea collection of marine cyanobacteria, 
Trichodesmium sp. nov. Credneramide A was found to inhibit spontaneous calcium oscillations in 
murine cerebrocortical neurons with IC50 4.0 µM.34-35 Also from marine cyanobacteria, Coibacin 
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C (1.17), was recently isolated from Panama, mainly Oscillatoria sp. Despite the structural 
diversity in the class of unsaturated polyketide lactone derivatives, this particular metabolite 
showed weak antileishmanial activity against Leishmania donovani (IC50 18.7 µM), slightly 
cytotoxic against NCI-460 human lung cancer cells (IC50 21.3 µM), potent as anti-inflammatory 
in a cell-based nitric oxide (NO) inhibition assay (IC50 11 µM), and unfortunately inactive against 
malaria and Chagas’ disease (IC50 >25 µM).36 
 
 
Figure 1.4 Isolated vinyl chloride-containing natural products  
 
 A unique vinyl chloride-containing eight-membered natural product named (+)-


















































workers in Castle Harbor, Bermuda in 1982.37 This acetogenin marine compound bears a complex 
C15 framework with three halogen atoms, five stereogenic centers in a (Z)-enyne side chain, and a 
vinyl chloride containing oxocene core, which resulted only one attempt of the total synthesis 
reported by far in 2014.38 A macrocylic lactone termed (+)-Oocydin A (1.19) was reported in 1999 
from a strain of Serratia marcescens, which grown as an epiphyte on Rhyncholacis pedicillata, an 
aquatic plant native to the Carrao river of the Venezuelan-Guyanan region of South America. With 
regard to the true fungi, oocydin A (1.19) had either minimal or no effect against certain fungi. 
However, this metabolite may have potential as an antimycotic in agricultural applications and 
especially for crop protection.39 Meanwhile, an example of the Lycopodium alkaloid named 2-
chlorohuperzine E (1.20) was first reported in 2007 from the Chinese medicinal herbs, Huperzia 
serrata. Although there are currently no report regarding the bioactivities of this particular 
compound, the whole plants are commonly used to treat contusion, strain, swelling, and 
schizophrenia.40-41 
1.4 Chlorosulfolipids Natural Products  
 One class of chlorine-containing natural products that our group interested in is 
chlorosulfolipids (Figure 1.5), which were first discovered and reported independently in 1969 by 
the groups of Haines and Elovson when they were studying fatty acid synthesis from fresh water 
microalgae Ochromonas danica.42-44 The most common known chlorosulfolipids from these algae 
is chlorosulfolipid containing geminal dichloride known as Danicalipin A (1.21). Meanwhile, the 
example of chlorosulfolipid containing chlorovinyl sulfate ester, Malhamensilipin A (1.22), was 
first discovered from the cultured chrysophyte Poterioochromonas malhamensis in 1994,45 while 
the structure was revised in 2010.46 This compound was found to be a modest inhibitor of pp60v-




Figure 1.5 Several examples of chlorosulfolipids	
 
 In the 1990s, Ciminiello, Fattorusso, and co-workers investigated the toxic contaminants 
of the Mediterranean mussel Mytilus galloprovincialis collected at the Adriatic coast of Italy to 
study seafood toxins. They discovered several known toxins along with three compounds belong 
to chlorosulfolipid family from the digestive glands of the collected mussel. However, one of them 
that identified as Hexachlorosulfolipid or later also known as Mytilipin A (1.23) was not 
structurally confirmed until 2001.47 Several years later, Hexachlorosulfolipid (1.23) was isolated 
together with a related chlorosulfolipid lacking the vinyl chloride, (+)-Deschloromytilipin A 
(1.24), from the octacoral Dendronephthya griffini from the Taiwan Strait.48 These results 
suggested the notion that a microalga species is the producing organism and not the mussel itself.49 
Hexachlorosulfolipid (1.23) was found to be moderately cytotoxic and displays IC50 values of 12.1, 
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 Meanwhile, the other two isolated chlorosulfolipids structure elucidation were not fully 
reported until 200251 and 2004,52 respectively, by the group of Ciminiello and Fattorusso. These 
two compounds were suggested to be the most complicated known to date. A detailed NMR 
analyses suggested that these two compounds were only different in one hydroxyl group and later 
named as Undecachlorosulfolipid A (1.25) and Undecachlorosulfolipid B (1.26), which also 
known as Mytilipin B and Mytilipin C because of their isolation from Mytilus galloprovincialis. 
They displayed antiproliferative activities similar to those reported for Hexachlorosulfolipid 
(1.23). Mytilipin B (1.25) showed an IC50 value of 13.5 and 20 µg/mL for the murine cell lines 
WEHI 164 and RAW 274.7, respectively, while the IC50 values for Mytilipin C (1.26) for murine 
cell line WEHI 164 and J774 were reported to be 10.4 and more than 20 µg/mL, respectively.51-52 
Despite the simple-looking aliphatic long chain, chlorosulfolipids are intriguing for 
synthetic organic chemists because of their structural and stereochemical complexity. They have 
multiple stereocenters on the carbon-chlorine bonds and O-sulfated substitutions along their 
hydrocarbon backbones, which make them challenging to synthesize as well as to characterize the 
absolute stereochemistry. Kishi’s universal database approach was one of the best examples 
available for polyketide assignment.53 Later on, Ciminiello and Fattorusso were the first to realize 
that Murata’s J-based configuration analysis,54 originally developed for acyclic polyoxygenated 
compounds such as polyketides, might be applicable to chlorosulfolipids.55-56 Eventually, 
chlorosulfolipids were ignored for the ensuing 40 years until synthetic organic chemists gained 
interest and discovered the uniqueness of these particular class of compounds, and then began 
various attempts towards the total syntheses, which was triggered by Carreira’s group in 2009.57 
Since then, multiple review papers and book chapters have been reported concerning 
chlorosulfolipids, either the biosynthesis or total syntheses.50, 58-61 
9 
	
1.5 Known Chlorination Methods Used in Chlorosulfolipids Total Synthesis  
 With the abundant occurrence of chlorinated compounds in nature, either naturally or 
synthetically made, there are numerous literature precedents of chlorination procedures from 
alcohols. However, these procedures often requires harsh conditions, such as the formation of HCl 
gas byproduct,5 SOCl2,62 PCl3,5 PCl5,5 (COCl)2,63 phosgene,64 Vilsmeier–Haack reagent (POCl3),65 
or Viehe salt.66 Eventually, some milder conditions were reported towards the chlorination of 
alcohols or carboxylic acids, by using PPh3-halogenated reagents67-68 or metal catalyzed InCl3-
HSiMe2Cl.69 Finally, In the last decades where stereoselective transformation was getting more 
attention, there were numerous reports of dichloride formation from alkenes,70-73 allyl alcohols,74-
78 or allyl amides.79   
Having various different chlorination methods being more readily accessible, there were 
then numerous reports in regards of chlorine-containing natural product total syntheses, especially 
chlorosulfolipids. Therefore, the total synthesis of several chlorosulfolipids by selected known 
research groups are presented below. Focusing mainly to the installation of the carbon-chlorine 
bonds to achieve the correct stereochemistry, the syntheses described in here presumably covers 
only small parts of the overall synthesis works.   
1.5.1 Carreira’s Three Chlorosulfolipids Total Syntheses   
As the pioneer in the chlorosulfolipids natural products total synthesis, Carreira’s group 
from Germany has been developed several interesting total synthesis routes, including the 
stereochemistry determination.50, 55, 80 Therefore, their syntheses are worth to examine and three 
of their chlorosulfolipids total syntheses will be explained, for examples the racemic syntheses of 
hexachlorosulfolipid (1.23),57 undecachlorosulfolipid A (1.25),81 and danicalipin A (1.21).82 
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Additionally, they also reported general approach for the enantioselective syntheses of danicalipin 
A (1.21), malhamensilipin A (1.22), and mytilipin A (1.23).83    
 In 2009, Carreira’s group reported the first total synthesis of (±)-hexachlorosulfolipid 
(1.23).57 Scheme 1.1 summarized their initial attempt to synthesize this compound from 
commercially available conjugated ester, ethyl sorbate 1.27. The first stereospecific anti-
dichlorination of the more electron rich alkene was achieved using common dichlorination reagent, 
Et4NCl3, or frequently known as Mioskowski reagent.84 These stereocenters eventually led to the 
second pair of stereocenter upon diastereoselective dihydroxylation to the other alkene using OsO4 
and NMO85 to afford 5.6:1 dr syn-diol in compound 1.28, with the configuration of the major 
diastereomer calculated from Kishi’s empirical rule.86 The following epoxidation of the syn-diol, 
then Swern oxidation of the primary alcohol, and Wittig olefination resulted in the epoxide bearing 
Z-alkene 1.31. The key transformation to open the epoxide regioselectively using TMSCl was 
unfortunately afforded the unexpected major diastereomer of anti-chlorohydrin 1.32. 
Nevertheless, they proceeded the transformation to chlorosulfolipid 1.33 in a few steps involving 
another Mioskowski alkene chlorination, desylilation, oxidation, Takai-Utimoto olefination,87 and 
a final O-sulphation. Deeper studies were performed to examine their stereoselective steps, 
including determination of the relative stereochemistry, and unfortunately these studies confirmed 
that they obtained the wrong stereochemistry compared to the isolated natural product 1.23,47-48 





Scheme 1.1 Carreira’s first attempt to synthesize hexachlorosulfolipids (1.23) 
 
 This group then re-visited their previous steps and began another route by using ester 1.27 
(Scheme 1.2). The allylic alcohol furnished from DIBAL reduction was treated with mCPBA to 
afford the required trans-epoxide 1.34. Ley oxidation and in situ Wittig olefination88 gave alkene 
1.35. The following epoxide ring opening with TMSCl yielded chlorohydrin 1.38 with retention 
of configuration via five-membered chloronium ion 1.37, which was more favorable than four-
membered intermediate 1.36 although there was no sufficient data to distinguish between these 
two until their recent study in 2015.89 Similar phenomenon of chloride participation in substitution 
reaction were previously reported by Peterson and co-workers in 1960s and 1970s.90-92  
The ensuing dichlorination of alkene 1.38 using Mioskowski reagent afforded 
pentachloride 1.40 in 10:1 d.r. that was in agreement with proposed model 1.39.93 Desilylation, 
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hexachlorosulfolipid (1.23) in agreement with the reported natural product.47-48 With these results, 
Carreira and co-workers were successfully synthesized chlorosulfolipid natural product for the 
first time in only 11 steps with 2.9% overall yield. 
 
 
Scheme 1.2 Carreira’s synthesis of (±)-hexachlorosulfolipids (1.23) 
 
 Two years later, Carreira and co-workers ascertained their interest in chlorosulfolipids with 
a report of the first total synthesis of the most complicated chlorosulfolipid containing nine 
contiguous stereocenters, undecachlorosulfolipid A (1.25).81 The retrosynthetic analysis led to the 
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and the right fragment (Scheme 1.4), before they eventually coupled them and installed the ester 
side chain.   
 
 
Scheme 1.3 Carreira’s synthesis of the first fragment for undecachlorosulfolipid A (1.25) 
 
 As shown in Scheme 1.3, the synthesis of the left fragment 1.45 commenced with the 
stepwise functionalization of a,b,g,d-unsaturated ester 1.41, which was prepared in a few steps 
from (S)-1,2,4,-butanetriol. First dichlorination using Mioskowski reagent took place at the more 
electron-rich g,d-double bond to give the desired anti-product in 1.8:1 d.r. Subsequent DIBAL 
reduction, acetylation, Sharpless dihydroxylation, and cyclodehydration produced the protected 
epoxy alcohol 1.42. This epoxide 1.42 was then transformed to (Z)-1.44 through a series of 
protecting group manipulation, Dess-Martin oxidation, and Wittig olefination with ylide 1.43, 
which was prepared separately in a few steps from (S)-ethyl lactate. Treatment of the (Z)-double 
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The following acetal removal and Dess-Martin oxidation led to the production of the epoxide 
aldehyde fragment 1.45 that having nine stereocenters.      
 
 
Scheme 1.4 Carreira’s synthesis of the second fragment for undecachlorosulfolipid A (1.25) 
 
 The right fragment 1.54 was synthesized from simple pentane-1,5-diol 1.46, as described 
in Scheme 1.4. The main chlorination procedure included in the first four-step was the a-
chlorination to the intermediate imine by using NCS to eventually led to the a,a-dichloride 
propargyl alcohol 1.47 in 92% ee. The absolute configuration was established by both NMR 
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studies and Mosher analysis.94 Semi-reduction of the alkyne with Red-Al, diastereoselective 
vanadium-catalyzed epoxidation, and Dess-Martin oxidation afforded the intermediate epoxide 
1.48. Selective epoxide ring opening with ZrCl495 and subsequent NaBH4 reduction afforded 
chlorohydrin 1.49 with stereotriad set. The following protecting group control, oxidation, and Still-
Gennari olefination with ylide 1.50 gave Z-olefin 1.51, which was then transformed to epoxide 
alcohol 1.52 via ester reduction and Sharpless epoxidation. The next chloride substituent in 1.53 
was introduced by using diastereoselective epoxide opening with TiCl(OiPr)3.96 The ensuing 
reactions of acetonide formation, benzyl ether removal, Mitsunobu reaction to introduce the 
phenyltetrazolylsulfide, and mCPBA oxidation resulted in the sulfone fragment 1.54.  
 Having fragments 1.45 and 1.54 successfully prepared separately, Carreira and co-workers 
then attempted to couple the two fragments using various conditions. As detailed in Scheme 1.5, 
they eventually utilized Julia-Kocienski olefination condition by using freshly prepared NaHMDS 
to give coupled product 1.55 in 3:1 Z:E mixture, despite the troublesome separation. Direct 
subjection of the mixture to an epoxide ring opening with Ph3PCl297 resulted in the formation of 
Z-olefin syn-chlorohydrin 1.56. Diastereoselective dichlorination of the double bond using 
Et4NCl3 then installed the last syn-dichloride needed in the molecule. Subsequent hydrogenolitic 
cleavage of the benzyl ether and Martin’s sulfurane hydrogenation provided the expected E olefin 
1.57. TBS deprotection followed by chemoselective esterification, selective mono O-sulfation, and 
acidic acetonide hydrolysis completed the first total synthesis of undecachlorosulfolipid A (1.25). 
Noticeably, Carreira and co-workers exploited various NMR studies55, 82, 89 as well as Mosher 
analysis to deduce the stereochemistry in each step.94, 98 Despite the lengthy synthesis steps, the 
misassigned nominal structure of the isolated natural product51 was discovered after careful 




Scheme 1.5 Carreira’s completion synthesis of undecachlorosulfolipid A (1.25) 
 
Recently in 2016, Carreira’s group reported their third synthesis of chlorosulfolipid natural 
product, (+)-danicalipin A (1.21).82 Although this was not the first total synthesis reported for this 
particular compound, Carreira and co-workers described a scalable 12-step synthesis, hence more 
material was obtained in order to perform the biological property screenings. The synthesis began 
with MnO2 mediated oxidation of commercially available (Z)-non-2-en-1-ol (1.55) to afford 24:1 
enal in favor of the Z isomer. The ensuing Oehlschlager-Brown haloallylation99 using (-)-
Ipc2BOMe selectively produced syn-chlorohydrin 1.56 (a:g = 5:1; syn:anti = >20:1), and set the 
first pair of stereocenter. Subjection of the impure product 1.56 toward mCPBA epoxidation and 
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Scheme 1.6 Carreira’s synthesis of (+)-danicalipin A (1.21) 
 
 Yoshimitsu’s condition for dichlorination to epoxides 1.57 using NCS yielded a single 
diastereomer of syn-dichloride 1.58, which also set four contiguous stereocenters in the 
compound.100 Hydroboration of the electron deficient olefin in 1.58 with dicyclohexaborane 
followed by work up with NaBO3 provided the primary alcohol that subsequently treated with 
Dess-Martin periodinane and Brown allylation to give homoallylic alcohol 1.59 in 8.3:1 d.r. The 
free alcohol was then converted to the desired secondary chloride 1.61 with complete inversion by 
utilizing Ghosez’s reagent.101 Cross metathesis of 1.61 with gem-dichloride alkene 1.62 and 
subsequent hydrogenation with PtO2 furnished hexachlorides 1.63. Completion of the synthesis 
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was achieved by TBS deprotection and O-sulfation of the free diol, which produced 1.45 g of (+)-
danicalipin A (1.21) with an overall yield of 4.4% over 12 steps.  
In order to study the role of this lipid, Carreira’s group carried out four biological activities 
towards the synthesized (+)-danicalipin A (1.21). A toxicity test using brine shrimp (Artemia 
salina) showed LC50 value of 3.8, in agreement to that previously reported (LC50 = 3.3 µg/mL).102 
A citotoxicity test against various cell lines showed high activity with EC50 as follow: 26.5 µM 
and 15.5 µM for human adenocarcinomic cell lines A549 and HT-29, respectively, and also 14.3 
µM for Hepa 1-6 murine live cell line. The following MTT test against Gram-negative bacteria, 
E. coli DH5a, demonstrated that upon exposure of 1.21 at ³ 250 µM, the bacteria viability was 
reduced by 70-90%. Lastly, a test to examine similar effect on membrane integrity by using 
mammalian cell line, Hoeschst 33342 staining E. coli DH5a, 125 µM of 1.21 indicated great 
fluorescence response with bacterial viability remained >90%. From the comparison results with 
docosane sulfate and the non-sulfated version of 1.21, (+)-danicalipin A (1.21) had greater 
activities, and especially the bacterial analysis revealed that the chlorides and sulfates substituents 
were necessary for effective uptake of membrane integrity. Separately, Carreira’s group continued 
on the biological evaluation towards bromo- and fluorodanicalipin A.103 
1.5.2 Vanderwal’s Syntheses of Danicalipin A (1.21)   
Besides Carreira, Vanderwal’s group was also actively working on chlorosulfolipids 
natural products. So far, this group has been reported several chlorosulfolipids-related review 
papers, conformational and configurational analysis paper, and several total syntheses papers.46, 58, 
60, 80, 83, 104 The total syntheses included the first and second generation syntheses of danicalipin A 
(1.21), which will be explain in detail.80, 83 They also successfully reported the synthesis of racemic 
and enantioenriched malhamensilipin A (1.22) in 11 steps longest linear sequence.46, 83, 104 Lastly, 
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they reported the synthesis of mytilipin A (1.23) in 7 steps.83, 105 However, these two syntheses 
will not be explained in detail because they were using the same Mioskowski chlorination reagent, 
as well as BF3•OEt2 and Et4NCl epoxide ring opening to form chlorohydrin as in their synthesis 
of danicalipin A (1.21) below. Additionally, Vanderwal and co-workers also studied the generation 
of bromosulfolipids under bromide-enriched growth condition, similar to danicalipin A (1.21).106 
 To date, four total syntheses of danicalipin A (1.21) have been revealed, and the first total 
synthesis was from Vanderwal’s group in 2009 (Scheme 1.7).80 The first generation synthesis was 
initiated with the preparation of phosphonium salt 1.66 in 5 steps from commercially available 11-
bromoundecanal 1.64. Similar to Carreira’s approach, the a,a-dichloride 1.65 was achieved using 
imine-mediated NCS chlorination. Meanwhile, Et4NCl3 was also used for the installation of anti-
dichloride 1.68 from the electron rich alkene in 1.67. Subsequent syn-dihydroxylation, 
epoxidation, and ester reduction resulted epoxy aldehyde 1.69 as the coupling partner of 1.66.    
Wittig reaction towards aldehyde 1.69 and phosphoric salt 1.66 gave a mixture of Z:E-
vinyl epoxide 1.70 in 2.5:1. Upon attempts to open this epoxide ring, Vanderwal and co-workers 
discovered that excess BF3•OEt2 (5.0 equivalents) and Et4NCl (50 equivalents) led to the desired 
syn-chlorohydrin 1.71 directly from the isomeric mixture of 1.70. The following iodohalogenation 
of the Z-allylic alcohol furnished inseparable diastereomer of 1.72, which could be separated after 
reductive deiodonation step. The last two steps of TBS deprotection and O-sulfation completed 





Scheme 1.7 Vanderwal’s first generation synthesis of danicalipin A (1.21) 
 
 Later in early 2014, Vanderwal’s group reported a general approach to prepare three 
chlorosulfolipids enantiomerically, including the synthesis of (+)-danicalipin A (1.21).83 As shown 
in Scheme 1.8, the second generation synthesis started from the previously established Z-alkenyl 
epoxide 1.70. Chlorinolysis of the internal alkenyl epoxide 1.70 with BF3•OEt2 and high 
concentration of Et4NCl afforded double inversion of syn-chlorohydrin 1.72. The following 
iodochlorination step that was formerly problematic was resolved with an introduction of TMS 
group, which could also be removed in the same pot. Overall, the latest approach shortened the 
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Scheme 1.8 Vanderwal’s second generation synthesis of (+)-danicalipin A (1.21) 
 
1.5.3 Burns’ Syntheses of (-)-Danicalipin A (1.76) and Deschloromytilipin A (1.77)      
 In 2015, Noah Burns and co-workers reported a new catalytic method for an 
enantioselective bromochlorination of allylic alcohols.78 This group utilized NBS and TiCl(OiPr)3 
(chlorotitanium isopropoxide) as the halogen source and a simple Schiff base 1.75 as the chiral 
catalyst. They further discovered that by changing NBS to tert-butyl hypochlorite as the 
electrophilic chlorine source, they succeeded to produce an enriched dichloride that map directly 
onto known dihalogenated natural product patterns. These findings then led them to utilize their 
methods as the key step to complete the syntheses of two unnatural diastereomers of 
chlorosufolipids in early 2016.107 These included enantioselective synthesis of ent-(-)-danicalipin 
A (1.76)  and ent-(-)-deschloromytilipin A (1.77). Burns’ and co-workers started with performing 
catalytic enantioselective anti-dichlorination of several commercially available alkenes that 
resembled different chlorosulfolipid motifs, and Scheme 1.9 specifically displayed the chlorination 
of alkenes 1.78 and 1.80, which later became the important fragments towards the syntheses of     
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Scheme 1.9 Burns’ catalytic enantioselective anti-dichlorination procedure 
 
 Scheme 1.10 detailed Burns’ concise, 8-step total synthesis of (-)-danicalipin A (1.76), 
which began with preparation of (Z)-chlorovinylboronic ester 1.84 from commercially available 
bromo alkene 1.82 and subsequent treatment with enantiopure diol 1.83. Subjection of this ester 
to Matteson’s homologation procedure108 afforded unstable 1,3-dichloroallyl boronic ester 1.85, 
which functionalized immediately to (Z)-chloroallyl boronic ester 1.87 upon Grignard reaction 
with alkyl iodide containing gem-dichloride 1.86. The following allylation reaction was achieved 
by reacting ester 1.87 with aldehyde 1.88, which was obtained via Dess-Martin oxidation of 
previously prepared dichloroalcohol (-)-1.79, to give chlorohydrin 1.89 as a single enantio- and 
diastereomer in >1 g being prepared. Several attempts to do direct hydrochlorination of alkene 
1.89 led them to discover the use of O-deuteration of the hydroxyl group with methanol-d4 
followed by solvent removal and subsequent bromochlorination reaction with Me4N(Cl2Br) as the 
source of “BrCl” afforded the desired bromochloride.109 The completion of the synthesis was 
accomplished by chemoselective radical debromonation of the bromochloride followed by 
sulfation. Overall, Burns’ and co-workers were successful to incorporate their method to the 



































Scheme 1.10 Burns’ synthesis of (-)-danicalipin A (1.76) 
 
 At the same report, Burns’ group also employed their enantioselective dichlorination 
procedure towards the total synthesis of the unnatural diastereomer of (-)-deschloromytilipin A 
(1.77). As seen in Scheme 1.11, they executed the synthesis from dichloroalcohol 1.81 that they 
prepared using their own procedure. Similar to the strategy by Vanderwal83, 105 and Yoshimitsu,110 
oxidation and chloroallylation of the furnished aldehyde with (Z)-chlorovinyl boronic ester 1.90 
afforded known trichloroalcohol 1.91. Subsequent acryloylation and ring-closing metathesis 
afforded lactone 1.92. Reduction with NaBH4 produced the (Z)-vinyl alcohol that was treated with 
Et4NCl3 to furnish diol 1.93. Protections of the alcohols yielded pentachloride 1.94, which then 
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subjected to copper-catalyzed cross coupling reaction followed by sulfation to complete the 
synthesis of (-)-deschloromytilipin A (1.77) in 11 steps from crotyl alcohol in 2.6% overall yied.  
 
	
Scheme 1.11 Burns synthesis of (-)-deschloromytilipin A (1.77) 
 
1.5.4 Denton’s Enantioselective Synthesis of Malhamensilipin A (1.22) 
Also in 2016, Denton’s group from the UK reported the enantioselective formal synthesis 
of malhamensilipin A (1.22) and its diastereomeric analogues111 by utilizing their established 
catalytic deoxychlorination of epoxide protocol.112 The synthesis of the first fragment began with 
enal 1.95, which was transformed to enoate 1.96 via enantioselective nucleophilic epoxidation of 
the olefin followed by Horner-Wadsworth-Emmons reaction of the aldehyde. The key step of syn-
dichlorination towards the epoxide ring opening proceeded using Denton’s phosphorus(V)-
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epoxidation of the forming allylic alcohol, and Dess-Martin oxidation of the primary alcohol 
resulted the desired epoxide aldehyde 1.98. They discussed that a trial upon utilizing the other 
diastereomer of the epoxide aldehyde was unfruitful to yield the correct stereochemistry in the 
next steps, thus aldehyde 1.98 was preferred.   
 
 
Scheme 1.12 Denton’s aldehyde fragment 1.98 preparation 
 
The second fragment was prepared by PCC-mediated oxidization of bromo alcohol 1.99, 
which then treated with NCS-pyrrolidine to afford the gem-dichloride, followed by NaBH4 
reduction to the primary alcohol, and its silyl ether protection resulted fragment 1.100. Installation 
of the required phenyltetrazolesulfonyl group furnished 1.101, which was then coupled with 
aldehyde 1.98 to produce (E)-alkene 1.102 as the major product. The epoxide opening was 
achieved using TiCl(OiPr)3 to give the desired stereochemistry on the syn-chlorohydrin, and 
subsequent cyclization with mCPBA of the alkene resulted in epoxide 1.103. The final syn-
dichlorination was conducted using their catalytic enantioselective procedure to get the desired 
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conversion of the diol to the diacid, which had been previously prepared by Vanderwal group,104 
completed the 12-step formal synthesis of Malhamensilipin A (1.22). Additionally, Denton and 
co-worker also performed details spectroscopic studies in each step to confirm the stereochemistry, 
as well as computational analysis of the chloronium ion intermediates upon epoxide ring opening.   
 
 
Scheme 1.13 Denton’s completion synthesis of malhamensilipin A (1.22) 
 
1.6 Previously Known Protocols to Synthesize Vinyl Chlorides from Ketones 
As mentioned in Chapter 1.3, the presence of vinyl chloride moieties is also commonly 
found in natural products, including chlorosulfolipids that our group is interested in. Other than 
the presence in natural product compounds, due to its role as important intermediate in organic 
synthesis, many studies have been conducted to prepare vinyl chlorides. The synthesis of vinyl 
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aldehydes,115-116 a,b-unsaturated carbonyl compounds,117 vinyl trifluoroborates,118 vinyl 
triflates,119 cyclopropenes,120 tosylhydrazones,121 aryl bromides,122 and Pd or Mo-catalyzed olefin 
methathesis of alkenes.123-124 In addition, vinyl chlorides can also be produced from ketones, 
despite the established harsh conditions in a strongly acidic environment125-127 or harsh 
halogenating reagents,5, 128-129 such as SOCl2, PCl3, PCl5, POCl3, similar to the alkyl chloride 
syntheses. These conditions thereby limited the scope of substrates and sometimes generated 
undesired byproducts.130-134 Alongside with our interest in vinyl chloride synthesis from ketones, 
several of these known methods will be explained.   
 1.6.1 Transition Metal-Mediated Vinyl Chloride Syntheses from Ketones 
 As part of Jung’s research group to synthesize various chloride-containing terpenoids 
having antitumor activity, they discovered an approach to utilize tungsten in their vinyl choride 
formation step.130 Similar to the natural products, they prepared two analogous hindered ketone 
decalin compounds (Scheme 1.14), which then subjected to WCl6 in CH2Cl2 at 45 °C for 10 
minutes. While diketone 1.106 produced bis(vinyl chloride) 1.107 in 93% yield upon treatment 
with 4.0 equivalents of WCl6, ketone epoxide 1.108 only needed 2.0 equivalents of WCl6 to afford 
trans-diequatorial dichloride – vinyl chloride 1.109 in 80% yield.  
 
 



































 Separately, carbonyl olefination exploiting direct oxidative addition of CHCl3 to the TiCl4-
Mg bimetallic species was reported by Yan and co-workers in 2005.135 The reaction was performed 
in 1 M of ketone starting material in THF, which was added to a mixture of TiCl4 (2.0 equivalents) 
and Mg (8.0 equivalents) in 5 mL of CHCl3 at 10-15 °C, followed by stirring at room temperature 
for 1 h. Figure 1.6 listed most of their chloromethynelation products in good yields, which varied 
from adamantine 1.111a, cychexanone derivatives 1.111b and 1.111c, and also b-tetralone 1.111d. 
Sterically congested bicyclic systems also afforded excellent yields with Z selectivity, as in 1.111e-
1.111g. Lastly, acyclic ketone bearing sulphonyl group also resulted vinyl chloride 1.111h in 
moderate yield with 3:2 d.r. in favor of the Z-isomer.  
 
 
Figure 1.6 Yan’s TiCl4-Mg carbonyl olefination scope of substrates  
 
 Meanwhile in 2007, Su and Jin reported a catalytic use of Sc(OTf)3–DMF–benzoyl 












































the mechanism that treatment of ketone 1.112 with 5 mol % of benzoyl chloride in the presence of 
2 mol % Sc(OTf)3 afforded the more favorable chloro alkyl ester 1.113. In the catalytic cycle, 
benzoyl chloride was necessary due to the formation of benzoic acid, which was then reacted in 
situ with triphosgene to generate benzoyl chloride again, thus completing the cycle by releasing 
CO2 and HCl as byproducts. The following cis-elimination of the carboxyl acid via six-membered 
ring transition state 1.114 gave exclusively (Z)-vinyl chloride 1.115. Using this procedure, they 
were able to prepare nearly 20 (Z)-vinyl chlorides in fair to good yields. In addition, Su and Jin 
mentioned that a very small amount of DMF (1 mol %) was needed as an activator to accelerate 
the reaction, because attempts on using excess or stoichiometric amount of DMF resulted in the 
formation of chloroformylation and b-chloro-a,b-unsaturated aldehyde adducts.  
 
 
Scheme 1.15 Su’s (Z)-vinyl chloride synthesis plausible mechanism  
 
 1.6.2 Synthesis of Vinyl Chlorides via Phosphate Intermediates  
 Transition metal-free synthesis of vinyl chlorides from ketones have also been reported by 
several research groups. Kamei’s group from Japan exploited phosphorus salt, PPh3•Cl2, as the 





























R1 = alkyl, aryl
R2 = Ph, Me, Et, H, Cy
21 scope of ketones
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the already known method to activate ketone precursor 1.116 with diethylchlorophosphate in the 
presence of KHMDS base in THF, the resulted vinyl phosphate 1.117 was subjected to chlorination 
with 1.2 equivalents of fresh PPh3•Cl2 in MeCN at room temperature. The produced vinyl chlorides 
1.118a-1.118d were isolated in 61-91% yields. With this chlorination method, Kamei and co-
workers also successfully synthesized vinyl chloride 1.120 from amide 1.119, which used as the 
intermediate to prepare heterocycle 1.121 or also known as SUN N4057, a pharmaceutical 
candidate for treatment of acute phase of cerebral infraction.  
  
 
Scheme 1.16 Kamei’s vinyl chloride synthesis from vinyl phosphate intermediates  
 
 Meanwhile, in order to avoid the isolation of vinyl phosphate intermediates, Prati’s group 
from Italy employed the use of P(PhO)3-Cl2 mixture to prepare vinyl chlorides from ketones and 
gem-dihalides from aldehydes.133 This mixture provided in situ chlorinating reagent 
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starting materials were treated with 1.1 equivalents of freshly prepared TPPCl2 at -20 °C in either 
CH2Cl2 or CHCl3 in the presence of 1.2 equivalents of Et3N. The reaction was then warmed to 
room temperature overnight and refluxed for another 2 h to complete the conversion. Scheme 1.17 
listed the vinyl chlorides 1.123a-1.123k from the corresponding enolizable ketones and gem-
dichlorides 1.125a from the respective unenolizable benzophenone. Meanwhile, aldehydes always 
produced gem-dichlorides 1.125b-1.125d. All products were isolated in excellent isolated yields, 
except 1.123g-1.123i that were reported by the % GC conversion. Z-isomer was in favor as in 
1.123b and 1.123h, however, regioisomer 1.123k was unfortunately furnished in 1:1 ratio.   
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 The proposed reaction mechanism is shown in Scheme 1.18, which presumed to proceed 
through TPPCl2-promoted dichlorodeoxobisubstitution. In the presence of ketone 1.122, the strong 
oxophilicity of the phosphorus atom triggered the formation of a putative oxyphosphonium 
chloride 1.126, which transformed to gem-dichloride 1.127 by releasing triphenyl phosphate. The 
process would end at gem-dichloride 1.127 when it was an aldehyde (R1=H), but it would then 
undergo base-promoted dehydrochlorination to give vinyl chloride 1.123 while liberating HCl gas.       
 
Scheme 1.18 Prati’s chlorination proposed reaction mechanism 
	
1.7 Conclusion  
 The occurrence of alkyl chlorides and vinyl chlorides as two common functional groups in 
nature as well as organic synthesis building blocks were described. Triggered by our interest in 
chlorosulfolipids natural products, the total syntheses of several chlorosulfolipids were explained, 
with focus on the chlorination steps. While organic chemists appreciate the beauty of unusual 
chemical architecture of natural product compounds, fascinating pathways were successfully 
achieved to produce certain enantioselective chlorination procedures. Similarly, various routes 
were also pursued to obtain vinyl chlorides, either through metal-free conditions or transition 


































 The purpose of this chapter is to describe our findings to employ triphosgene-pyridine 
mixture activation as a new method to convert unreactive aliphatic 1,3-diols into their 
corresponding 1,3-dichlorides, en route to achieve our goal toward global chlorination. It includes 
the syntheses of the alcohol starting materials, as well as the relative stereochemistry 
determination. The extension application of triphosgene-pyridine mixture activation for the 
synthesis of vinyl chlorides from ketones is also described, along with the substrate compatibility 
of various ketone starting materials.     
2.2 Introduction to Our Approach toward Global Chlorination1  
As our interest in chlorosulfolipid natural products, the presence of multiple carbon-
chlorine bonds in these molecules inspired us to develop a new chlorination method to achieve our 
global chlorination goal, which is a one-step reaction to convert multiple hydroxyl groups into 
alkyl chlorides. Despite the amount of literature reports showcasing the total syntheses of several 
chlorosulfolipids as described in Chapter 1.5, most of the carbon-chlorine bond formation relied 
on the known chemistry in a stepwise fashion. However, while numerous groups focus on the 
stereoselective method development of vicinal dichloride type of structures,72-75, 77-78 there are not 
as many literature reports regarding the synthesis of diastereomeric acyclic 1,3-dichlorides. 
Therefore, we envisioned to stereocomplimentary convert polyhydroxylated compounds into their 
																																								 																				
1	Villalpando, A.; Saputra, M. A.; Tugwell, T. H.; Kartika, R., Triphosgene-pyridine mediated 




corresponding polychlorinated compounds in a single step reaction (Scheme 2.1). Thus, we 
ultimately began our approach by aiming the more synthetically challenging 1,3-dichlorides. 
  
 
Scheme 2.1 Global chlorination goal from polyhydroxylated compound 
 
2.2.1 Initial Studies to Chlorinate Primary and Secondary Alcohols 
 The senior students in my group initially pursued the chlorination of aliphatic primary 
alcohol by performing extensive optimization studies, which led them to discover that the use of 
triphosgene and amine-base mixture resulted the best transformation.137 Triphosgene is commonly 
known as a convenient phosgene surrogate, in which one mole of triphosgene equals to three moles 
of phosgene, further makes triphosgene frequently used as the source of chloride ions. Unlike 
phosgene, triphosgene is a lot easier to handle because of its stability as non-hygroscopic 
crystalline in room temperature.138 Although triphosgene is often used in the carbonylation 
reaction in  the formation of carbonate, carbamate, etc, our group introduced a new application of 
triphosgene as chlorinating agent for the synthesis of alkyl chlorides from alcohols.137, 139-140 
Scope of substrates studies to activate aliphatic primary alcohols using 0.5 equivalent of 
triphosgene and 2.5 equivalent of triethylamine in CH2Cl2 resulted a chemoselective reaction in 
several substrates containing both primary and tertiary alcohol, as seen in Figure 2.1. All substrates 
appeared to give excellent yield of the isolated chloroalcohol 2.4a-2.4g, with interesting result of 
no effect of the distance between the two hydroxyl groups in 2.4b and 2.4c toward the chlorination 















of highly ionizable tertiary alcohol in 2.4a-2.4d that were still intact after the reactions were 
completed. The mildness of the reaction was also indicated by the reaction compatibility toward 
various protecting group, as in alkyl chlorides 2.4h-2.4o, which displayed the tolerance of several 
sensitive protecting group, such as aromatic, alkene, epoxide, THP, TBS, benzyl, and ester.137 
 
 
Figure 2.1 Reaction chemoselectivity of primary vs tertiary alcohols and reaction compatibility 
with different functional groups 
 
 
Using the same reaction condition, my colleagues then attempted to activate several 
substrates containing branching at the a-carbon in relation to the primary alcohol, as seen in Figure 


































































instead of the chlorination products.  Despite the moderate yields of the carbamate products, these 




Figure 2.2 Reactivity patterns with a-branched primary alcohols 
 
Being successful with the chlorination of primary alcohols, attempts to analyze the reaction 
reactivity to secondary alcohols were also performed, as presented in Table 2.1. They began with 
exposure of alcohol 2.7a using the standard reaction condition and discovered a mixture of 40:50 
diethylcarbamate 2.8a and secondary chloride 2.9a. Further changing the reaction condition by 
doubling the equivalents of triphosgene and triethylamine to accommodate diol 2.7b, as in entry 
2, however; also produced a mixture of 1:3 chlorodiethylcarbamate 2.8b and dichloride 2.9b. As 
anticipated, by using the doubled equivalents, diol containing reactive benzylic secondary alcohol 
2.7c exclusively afforded 91% of dichloride 2.9c. Meanwhile, secondary alcohol containing a-
branching 2.7d was surprisingly resulted similar ratio of the chlorodiethylcarbamate 2.8d and 
dichloride 2.9d, in favor of the latter. Lastly, the use of enantiomerically pure alcohol 2.7e as in 






























CH2Cl2, 0 °C → rt2.5 2.6
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of optically active diethyl carbamate 2.8e and secondary chloride 2.9e, suggested that this chloride 
substitution reaction most likely proceeded via an SN2 type of mechanism.137 
 
Table 2.1 Reaction limitation with secondary alcohol substrates 
 
[a]Alcohols 2.7b-2.7d are racemic. [b]Yield based on product isolated by flash column 
chromatography. [c]Lower yields attributed to the volatility of the alkyl chloride.  
 
Based on the observation of the reactions with primary, secondary, and tertiary alcohols, 
including the stereochemistry inversion of the parent stereogenic center of chloride 2.9e as 







































Condition A: Triphosgene (0.5 equiv), Et3N (2.5 equiv), CH2Cl2, 0 °C → rt








































chloroformate 2.10 is generated upon activation of primary alcohol with triphosgene-triethylamine 
mixture while releasing chloride ion in situ. Without the presence of a-branching, this chloride ion 
attacks the C1 carbon to produce alkyl chloride 2.4 by liberating CO2 and another equivalent of 
chloride ion. On the other hand, when there is adjacent steric hindrance by a-branching, the rate 
of substitution by chloride ion is reduced significantly. Instead, the addition of the triethylamine 
to the acyl C2 carbon becomes more competitive and produces the putative acylammonium ion 
intermediate 2.11. An ethyl group is then lost rapidly via nucleophilic attack by chloride ion to 
produce the observed diethylcarbamate 2.6. The dual role of triethylamine as a base and as a 
carbonyl activator were showcased by the formation of intermediate 2.11. Trials using different 
bases, including pyridine or Hünig’s base, did not lead to chlorination. This suggested the 
intermediacy of 2.11 as an alternative pathway involving C1 substitution by chloride ion to form 
alkyl chloride 2.4. Additionally, the formation of byproduct diethylcarbamoyl chloride 2.12 was 
observed by GC-MS and NMR, most likely produced upon consumption of excess phosgenic 
species with triethylamine. This species was readily ruled out from affecting direct alcohol 
carbamoylation to diethylcarbamate 2.6.137  
 
 








































2.3 Improved Chlorination Reaction Conditions for Secondary Alcohols    
Having issues with limited scope of substrates when using the established condition of 
triphosgene-triethylamine mixture to chlorinate secondary alcohols, Andres Villalpando and 
Caitlan Ayala then proceeded to address this problem by performing a comprehensive optimization 
studies. By using enantiomerically pure alcohol 2.7e, they began with varying the amount of 
triethylamine by maintaining the triphosgene at 0.5 equivalent in CH2Cl2 with reaction condition 
at 0 °C and warmed up to room temperature. However, these studies failed to improve the 
formation of the alkyl chloride, because although decreasing the equivalent of triethylamine indeed 
reduced the formation of the undesired diethylcarbamate 2.8e, the major product was the 
chloroformate 2.13 instead of alkyl chloride 2.9e (Scheme 2.3). In contrary, when the equivalent 
of triethylamine was increased, the diethylcarbamate 2.8e became the major product. Similarly, 
the same set of reaction was also performed in toluene, but only produced chloroformate 2.13 as 
major product for all entries. They concluded that triethylamine alone, as a base or activator, would 
not be effective for the intended chlorination.139  
 
 
Scheme 2.3 Reaction optimization studies scheme to chlorinate secondary alcohol 2.7e 
 
Still employing alcohol 2.7e as model substrate, the ensuing optimization studies were 
carried out by exploring a mixture of two amine bases, triethylamine and pyridine. Based on the 



























stoichiometric amount of pyridine could act as the base in the chloroformylation step,141 and a 
substoichiometric amount of triethylamine to serve as the carbonyl activator to promote 
chlorination. A series of reaction was conducted by varying the amount of triethylamine while 
maintaining the pyridine at 1.2 equivalent in CH2Cl2. As expected, the formation of the 
diethylcarbamate 2.8e was successfully suppressed while the reaction was performed  at 0 °C to 
room temperature, although chloroformate 2.13 was still the major product. Eventually, the use of 
1.2 equivalent of triphosgene and 0.75 equivalent of triethylamine while heating the reaction gently 
on reflux was able to increase the production of alkyl chloride 2.9e in quantitative GC-MS yield. 
Further attempts to understand the role of pyridine resulted surprising outcomes that the use of 
pyridine by itself readily generated the target alkyl chloride 2.9e. Moreover, the use of excess 
pyridine (2.2 equivalents) managed to fully consume alcohol 2.7e and afforded alkyl chloride 2.9e 
without the formation of any byproducts.139 These observations suggested the intermediacy of 
chloroformate intermediate in this chlorination reaction, in which similar reaction was previously 
reported to support this.137                 
 With the optimized conditions in hand, my colleagues then proceeded with screening of 
multiple secondary alcohols containing various functionalities and protecting groups, as well as 
several a-branched primary alcohols, as listed in Figure 2.3. Simple acyclic and cyclic alcohols 
were readily converted to their corresponding alkyl chlorides 2.9a, 2.9e, and 2.9f in excellent 
yields. Alkyl chloride 2.9e yielded full inversion of stereochemistry, suggested the 
stereospecificity of our reaction, including the presumed SN2 type mechanism. The mildness of 
these reaction conditions was confirmed by the tolerance of various sensitive functional groups, 
such as b-hydroxy ester 2.9g, olefins 2.9h and 2.9i, as well as multiple protecting groups, including 
TBS, benzyl, PMB, and toluoyl ether in 2.9j-2.9m. The same a-branched alcohol substrates as in 
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the Figure 2.2 were also tested using the new condition of triphosgene-pyridine and resulted good 
to excellent yields of alkyl chloride 2.9n-2.9p.139 
 
 
Figure 2.3 Scope of secondary alcohols and a-branched primary alcohols 
 
 Demonstration of the global chlorination idea was performed through an extension study 
of utilizing our method to simultaneously introduce two carbon-chlorine bonds in 1,3- and 1,6-
diols model substrates, as presented in Scheme 2.4. Treatment of diols 2.14 and 2.16 by doubling 
the equivalents of triphosgene and pyridine ultimately produced alkyl dichlorides 2.15 (Eq 1) and 
2.17 (Eq 2). The lower yielding of dichloride 2.15 was mostly attributed to its high volatility. 
Predictably, the double equivalent of the reagents was necessary as the addition of the number of 
alcohol to chlorinate. A mixture of products other than the dichloride product was observed when 
diol 2.14 was treated with the typical 0.5 equivalent of triphosgene and 1.0 equivalent of pyridine 















































chloroalcohol 2.18 was produced in 14% yield. These concluded that excess triphosgene-pyridine 
is necessary to induce chloroformylation of both hydroxy groups to outcompete the intramolecular 
six-membered carbonate cyclization resulting from monochloroformylation.139 
 
 
Scheme 2.4 Attempts to chlorinate 1,3- and 1,6-diols 
 
 Scheme 2.5 displayed the proposed mechanism of this chlorination reaction. It follows 
similar pathway as in the one employing triphosgene-triethylamine mixture. Upon activation of 
the secondary alcohol with triphosgene and pyridine, the chloroformate intermediate 2.20 is 
generated.141 Presumably, the excess pyridine then adds to the chloroformate to form a more 
reactive N-acylpyridinium ion intermediate 2.21. The reactivity of the secondary carbon center is 
now increased and the chloride ion proceeds to attack via SN2 nucleophilic substitution. This 
sequent results in inversion of stereochemistry of the produced alkyl chloride, while releasing CO2 












































Scheme 2.5 Proposed chlorination mechanism using triphosgene-pyridine mixture 
 
2.4 Chlorination of Acyclic Aliphatic 1,3-anti Diols   
 Successful chlorination of the racemic 1,3-diol 2.14 motivated us to pursue the 
stereoselective synthesis of alkyl 1,3-anti and 1,3-syn dichlorides.140 Andres Villalpando initiated 
the preliminary study by preparing 1,3-anti diol 2.22 and 1,3-syn diol 2.23, and treated them with 
the optimized reaction conditions of 1.0 equivalent of triphosgene and 4.0 equivalent of pyridine 
in CH2Cl2 at 0 °C and then let the reaction to warm up in reflux for 12 hours (Scheme 2.6). As 
previously reported, we were aware that 1,3-diols readily underwent intramolecular cyclization to 
form cyclic carbonate with triphosgene and amine bases.139 However, exposure of 1,3-anti diol 
2.22 with our conditions resulted in quantitative yield of the desired 1,3-anti dichloride 2.22a 
(99%), with only trace amount (1%) of the cyclic carbonate 2.22b via GC-MS analysis of the crude 
reaction mixture. These presumably because of the unfavorable 1,3-diaxial interaction in cyclic 
carbonate 2.22b, therefore double chloroformylation to both hydroxyl groups are more favorable 
and ultimately leading to dichlorination. On the other hand, cyclic carbonate 2.23b was the major 
product (66%) when 1,3-syn diol 2.23 was treated with the same reaction conditions, while the 
desired 1,3-syn dichloride 2.23a was only produced in 34% GC yield. This 1:2 products ratio was 























substituents in equatorial positions, which outcompeted the nucleophilic substitution by chloride 
ions to the forming mono-chloroformate and eventually failed to give 1,3-syn dichloride 2.23a. 
  
 
Scheme 2.6 Preliminary results to chlorinate 1,3-anti and 1,3-syn diols 
 
 With these preliminary results showing that the conversion of 1,3-anti diol 2.22 to 1,3-anti 
dichloride 2.22a occurred without any problems, we then proceeded to explore several 1,3-anti 
diols to undergo our chlorination reaction conditions, as depicted in Table 2.2. These synthetically 
challenging starting materials were prepared by both Andres Villalpando and I, and I was 
personally responsible to synthesize 1,3-anti diol 2.25 and its corresponding 1,3-anti dichloride 
2.25a. As mentioned in our initial study, 1,3-anti diol bearing aromatic, allylic, and aliphatic 
groups 2.22 afforded the respective 1,3-anti dichloride 2.22a in 90% isolated yield, although the 
GC-MS yield revealed 99% conversion. Another example of 1,3-anti diol bearing aromatic and 
aliphatic groups 2.24 gave good isolated yield at 65%. Structurally complex 1,3-anti diol substrate 
bearing acid labile TBS protecting group 2.25 was found to tolerate our reaction conditions by 
resulting 80% isolated yield of 1,3-anti dichloride 2.25a with the TBS ether remained intact. This 




























Table 2.2 Reaction compatibility with 1,3-anti diol substrates  
 
[a]Yield based on product isolated by flash column chromatography. 
 
The construction of synthetically daunting 1,3-dichloro compounds were also easily 
enabled by using our chlorination protocol. This was represented by the conversion of 1,3-anti b,g-
dihydroxyester 2.26 to 1,3-anti b,g-dichloroester 2.26a in 73% isolated yield. This highly sensitive 
starting material and product tolerance toward our reaction conditions emphasize the mildness of 
our chlorination method, which was expectantly applicable for the synthesis of more complex 
compounds. It is important to mention that these chlorination reactions were easy to set up and all 
proceeded very cleanly. In fact, analysis of the crude reaction mixtures by both GC-MS and NMR 

























0 °C → reflux
entry                starting material                                       product                            yield[a]



















dichlorides without formation of any other byproducts. Therefore, the low percent isolated yields 
in 2.24a and 2.26a were proposed to be attributed to the high volatility of the alkyl dichlorides.  
2.5 Modification towards the Chlorination of Acyclic Aliphatic 1,3-syn Diols   
 After we accomplished a successful chlorination of several 1,3-anti diol substrates, we then 
continued on to solve the problem we had when we attempted to chlorinate 1,3-syn diol 2.23 in 
Scheme 2.6, which furnished mostly cyclic carbonate 2.23b adduct. This result conveyed that we 
need to control the rate of the chlorination vs carbonate cyclization in order to get a full conversion 
to the respective 1,3-syn dichlorides. We proposed to overcome this challenge by simply masking 
one of the hydroxyl groups in the 1,3-syn diol as a monosilylether, viz. 2.28, to prevent the 
competitive formation of the cyclic carbonate.  
       
 
 Scheme 2.7 Proposed reaction mechanism to chlorinate 1,3-syn diols  
 
Scheme 2.7 illustrates the rationale behind our hypothesis. Treatment of modified alcohol 









































through an intermediacy of pyridinium carbamate 2.30. During this process, excess chloride ions 
liberated from decomposition of triphosghene are expected to simultaneously attack the acyl 
pyridinium carbon while slowly cleaving the silylether moiety to reveal the second hydroxyl group 
in the furnished chloroalcohol 2.31. Then, in situ chloroformylation of the newly unmasked 
secondary alcohol, followed by pyridine activation should result in the formation of 
chloroalkoxycarbonylpyridinium ion intermediate 2.32. The second substitution by chloride ion 
would then afford the target 1,3-syn-dichloride 2.29.     
 In order to validate this hypothesis, Andres Villalpando conducted a series of experiments 
to screen multiple silyl ether protecting groups as shown in Table 2.3. In entry 2-5, he synthesized 
several monosilyl ether 2.23, including trimethylsilyl ether, triethylsilyl ether, dimethylphenylsilyl 
ether, and diphenylmethylsilyl ether. Each of these was subjected to identical chlorination 
condition of 1.0 equivalent of triphosgene, 4.0 equivalent of pyridine, in 25 mM CH2Cl2 at reflux 
for 12 hours. The products were then determined using GC-MS analysis of the crude reaction 
mixture. Based on this silylether screening, we learned that dimethylphenylsilyl ether (entry 4) 
showed promising result with product ratio of 80:20 between the dichloride 2.23a and cyclic 
carbonate 2.23b. Further reaction optimization using this particular silyl ether functionality 
disclosed that the selectivity between dichlorination and carbonate cyclization was reaction 
concentration dependent (entry 6-8). In entry 8, increasing the concentration up to 500 mM was 
evidently improved the 1,3-syn dichloride formation up to 99% with only 1% of the cyclic 






Table 2.3 Optimization studies to chlorinate 1,3-syn diol 2.23 
 
[a]Concentration based on starting material 2.23. [b]% conversion based on GC-MS analyses of the 
crude mixtures. 
 
 Using the new reaction conditions, we then exposed our stereocomplimentary 1,3-syn 
monosilylethers with triphosgene-pyridine mixture. Similar to 1,3-anti diol substrates, I was 
responsible for the syntheses of 2.34 and 2.34a compounds. Table 2.4 listed the conversions that 
we were able to achieve in excellent yields. The use of monosilylated 1,3-syn diols containing 
terminal alkene 2.23 or long aliphatic chain 2.33 were respectively produced 1,3-syn dichlorides 
2.23a and 2.33a in 90% and 82% isolated yields. Structurally advanced synthetic intermediate 1,3-
syn diol monosilylether 2.34 containing TBS protecting group, also tolerated our chlorination 
condition to give the corresponding 1,3-syn dichloride 2.34a in 94% yield. Ultimately, the 
mildness of our reaction condition once again was proven with the successful conversion of 
monosilylated 1,3-syn b,g-dihydroxy ester 2.35 to synthetically challenging 1,3-syn b,g-dichloro 















0 °C → reflux, 12 hrs



































Table 2.4 Reaction compatibility with 1,3-syn diol substrates 
 
[a]Yield based on product isolated by flash column chromatography. 
 
2.6 Chlorination of 1,3,5-Triols 
 Our success with the simultaneous stereoselective installation of two carbon-chlorine 
bonds in a single step reaction motivated us to push our method towards the synthesis of 
stereocomplimentary alkyl 1,3,5-trichlorides from the corresponding 1,3,5-triols. This also in 
alignment with our initial global chlorination objective, i.e. single step conversion of polyols to 
polychlorides. Therefore, I prepared the 1,3,5-anti triol 2.36 and its anti-trichloride 2.36a, while 
Andres Villalpando prepared the 1,35-syn triol 2.37 and its syn-trichloride 2.37a, as shown in 
Scheme 2.8. Noticing that there is one additional hydroxyl group, we multiplied the equivalence 

























0 °C → reflux, 12 hrs
entry                 starting material                                       product                           yield[a]





















alcohol. Treatment of 1,3,5-anti triol 2.36 with 1.5 equivalent of triphosgene and 6.0 equivalent of 
pyridine resulted 75% isolated yield of the corresponding 1,3,5-anti trichloride 2.36a. When the 
same quantities of triphosgene-pyridine in 500 mM concentration were applied to a modified 1,3,5-
syn triol 2.37, the respective 1,3,5-syn trichloride 2.37a was isolated in 55% yield. Both 
trichlorides were isolated as a single diastereomer with presumed stereochemical inversion.            
 
	
Scheme 2.8 Chlorination of 1,3,5-anti and 1,3,5-syn triols 
 
 Generation of three carbon-chlorine bonds in a stereoselective manner in one reaction is 
unprecedented, and we were ecstatic to deliver such transformation from unactivated acyclic 
aliphatic triols. The low isolated yields for both trichlorides were most likely occurred upon 
column chromatography when we tried to isolate these highly sensitive and volatile compounds. 
These reasoning was also supported by the GC-MS and NMR analyses of the crude reaction 
mixtures, which indicated complete consumption of the triol starting materials to the furnished 
1,3,5-trichlorides. Figure 2.4 showed the GC trace and 1H NMR spectrum of the crude 1,3,5-anti 
trichloride 2.36a. These concluded the feasibility of our chlorination procedure for the synthesis 
of a more complex structures in natural product compounds.  






























Figure 2.4 GC trace and 1H NMR spectrum of crude 1,3,5-anti trichloride 2.36a 
 
2.7 Relative Stereochemistry Determination  
 Unlike the previously known stereochemistry in enantiomerically rich secondary alcohol 
2.7e and its secondary alkyl chloride 2.9e, we had to perceive a different method to determine the 
relative stereochemistry in our polychlorinated compounds. Although we designed our alcohol 
starting materials to be having such stereogenic centers, verification to confirm that we obtained 
the proposed relative stereochemistry on the newly formed carbon-chlorine bonds was essential. 









co-workers,54 which then have been investigated and have been applied by several research groups 
to deduce the stereochemistry of vicinal diols in cyclic and acyclic compounds, including 
chlorosulfolipids.50, 55, 80 However, the same principal is inapplicable for our acyclic aliphatic alkyl 
1,3-dichlorides. Therefore, we tried to determine the relative stereochemistry of our chlorinated 
compounds by utilizing different method.  
Initially, we proposed to modify one of our chlorinated compounds into its THP ring, which 
would be in the stable chair conformation and would allow us to identify the coupling constants 
and NOE study of the two protons attached to the two carbons containing chlorines, respectively. 
Scheme 2.9 illustrated my attempt on forming THP ring 2.39a, which began with an LAH 
reduction of 1,3-anti dichloride 2.26a to successfully afford the 1,3-anti dichloride containing free 
primary alcohol 2.38. However, the following attempts of intramolecular 6-membered ring 
cyclization by using various bases, including K2CO3, NaH and NaHMDS, were unfruitful to give 
the desired THP ring 2.39a. NMR analyses of the 1H and 13C spectra indicated a clean but 
ambiguous product formation, because the coupling constants did not match with the coupling 
constants in the anticipated cyclized product, no matter what the relationship between Ha and Hb. 
              
 































did not crystallize as expected
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Separately, an attempt to achieve a crystal structure trough compound modification via p-
nitrobenzoic ester 2.39b derivatization was also unsuccessful. The compound remained as oily 
matter and did not crystallize as expected. Hence, unable to perform the cyclization reaction to get 
the modified compound 2.39a or crystal structure 2.39b, we then shifted our approach to determine 
the relative stereochemistry by using an analysis developed by Carman and Nouguier.142-143 Table 
2.5 presented our interpretation on Carman-Nouguier method to assign the configuration in our 
dichlorides and trichlorides. Their method involved a direct comparison of the 13C NMR signals 
of the carbon-chlorine bonds of the 1,3-anti and 1,3-syn diastereomers. 
                
Table 2.5 Carman-Nouguier 13C NMR analyses to deduce relative stereochemistry  
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Carman and Nouguier observed that the 13C chemical shifts of the 1,3-anti dichlorides, 
particularly the carbon-chlorine bonds (Ca and Ca’) and their direct neighboring carbons (Cb and 
Cb’), were approximately 1 ppm more downfield than those signals produced by the comparable 
carbons in 1,3-syn dichlorides. These patterns were evidently similar in our chlorinated 
compounds. We noticed that 13C NMR signals for both chlorinated carbons and their respective 
adjacent carbons for 1,3-anti dichlorides 2.22a and 2.24a-2.26a were consistently about 1 ppm 
more downfield that the signals from the corresponding 1,3-syn dichlorides 2.23a and 2.33a-2.35a, 
respectively. Similarly, these patterns also exhibited in our 1,3,5-anti trichloride 2.36a and 1,3,5-
syn trichloride 2.37a. These comparative chemical shifts analyses consequently supported the 
stereoselectivity in our dichlorination protocol, in which 1,3-anti diols lead to 1,3-anti dichlorides, 
and 1,3-syn diols lead to 1,3-syn dichlorides.            
2.8 Syntheses of 1,3-Diol and 1,3,5-Triol Starting Materials 
 The syntheses of 1,3-diol and 1,3,5-triol starting materials were achieved from the common 
aldehyde intermediate 2.44 and its formation can be seen in Scheme 2.10. Despite the steps needed 
to prepare the aldehyde, this six-step synthesis was applicable in large scale reactions. The 
synthesis began with an aldol reaction between commercially available phenylacetaldehyde 2.40 
and ethyl acetate in the presence of strong base, LDA. The resulting crude hydroxy ester was then 
reduced with LAH to give racemic diol 2.41 in 56% yield over 2 steps. Using dean stark apparatus, 
diol 2.41 was then treated with p-anisaldehyde and catalytic amount of TsOH in reflux, followed 
by NaBH4 reduction of the crude extract to afford PMP acetal 2.42 in 97% yield over 2 steps. The 
latter step was conducted to achieve a better chromatographic separation of the desired acetal with 
the excess p-anisaldehyde, which was reduced to a more polar alcohol and created different Rf 
value. Regioselective ring opening of PMP acetal 2.42 with DIBAL resulted exclusively PMB 
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protected secondary alcohol and free primary alcohol 2.43 in 94% yield. The following TEMPO-
bleach oxidation of the primary alcohol afforded PMB aldehyde 2.44 in 69% yield. 
 
	
Scheme 2.10 Six-step synthesis of aldehyde 2.44 
 
2.8.1 Synthesis of 1,3-anti Diol 2.25 and 1,3-syn Diol 2.34 
 As depicted in Scheme 2.11, 1,3-anti diol 2.25 preparation began with a Mukaiyama aldol 
reaction between PMB aldehyde 2.44 with ketene acetal 2.45 and TiCl2(OiPr)2 as a Lewis acid, in 
the presence of 4Å molecular sieves. Both ketene acetal 2.45 and Lewis acid TiCl2(OiPr)2 were 
freshly prepared prior to conducting the aldol reaction. The TMS protected ketene acetal 2.45 was 
obtained from treatment of ethyl tiglate with LDA and TMSCl via enolate formation, while the 
titanium Lewis acid was prepared from mixing TiCl4 and Ti(OiPr)4 in CH2Cl2. The chelation 
between titanium metal to the carbonyl oxygen and the neighboring PMB oxygen as shown in the 
transition state 2.46 led to the preferred 1,3-anti conformation of the two hydroxyl groups after 
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Scheme 2.11 Mukaiyama aldol reaction to set up the 1,3-anti stereochemistry in diol 2.25 
 
 a,b-unsaturated ester 2.47 was then carried through a reduction with LAH to give the 
corresponding primary alcohol in 67% yield, which was further selectively protected to exclusively 
yield the desired TBS-protected primary alcohol 2.48 in 97% yield (Scheme 2.12). This selectivity 
was achieved by omitting DMAP from the reaction condition, which resulted in less reactivity to 
protect the secondary alcohol with TBS group. Trials for PMB protecting group removal using 
DDQ proceeding directly from alcohol 2.48 did not succeed as expected since the results indicated 
cyclic acetal formation instead of free 1,3-anti diols 2.25. This presumably due to the presence of 
the neighboring free secondary hydroxyl group. Therefore, protection of the free hydroxyl group 
with acetate group was required prior to PMB cleavage with DDQ. The acetate group was chosen 
because this protecting group could be easily removed in a mild condition using K2CO3 in MeOH 







































Scheme 2.12 Synthesis of 1,3-anti diol substrate 2.25 
 
 Meanwhile, for the modified 1,3-syn diol 2.34, as depicted in Scheme 2.13, the synthesis 
started from the already established alcohol 2.48. This PMB-containing alcohol 2.48 was treated 
with DEAD, PPh3, and PNBA to undergo a Mitsunobu reaction to invert the stereochemistry of 
the free secondary alcohol. Immediate removal of the benzyl group with K2CO3 in MeOH then 
afforded 1,3-syn diol 2.49 in 63% yield over two steps. A silyl ether group, specifically 
dimethylphenylsilyl ether as our optimized protecting group to chlorinate 1,3-syn diols, was then 
installed before the deprotection of the PMB group. However, separation of the desired alcohol 
2.34 from p-anisaldehyde produced from the PMB removal was unsatisfactory since these 
compounds had similar Rf values and were eluted from the column at the same time. An additional 
step, i.e. DIBAL reduction, was then accomplished to reduce the aldehyde into its alcohol to make 
the separation more feasible and eventually gave alcohol 2.34 as our monosilylether 1,3-syn diol 
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Scheme 2.13 Monosilylether 1,3-syn diol 2.34 synthesis 
 
 2.8.2 Synthesis of 1,3,5-anti Triol 2.36 
 Similar to the synthesis of 1,3-anti diol 2.25, the construction of 1,3,5-anti triol 2.36 was 
also accessible from PMB aldehyde 2.44. My first attempt to obtain the triol is displayed in Scheme 
2.14. The synthesis of tert-butyl ester 1,3-anti diol 2.52 commenced with the nucleophilic addition 
of TBS protected ketene acetal 2.50 to PMB aldehyde 2.44 in the presence of Lewis acid BF3•OEt2 
and 4Å molecular sieves. The tert-butyl ketene acetal 2.50 was also freshly prepared from tert-
butyl acetate and TBSCl upon performing this aldol reaction. Instead of through metal chelation 
as in the use of titanium-based Lewis acid, this particular Evan’s aldol reaction occurred in a non-
chelation via transition state 2.51,144 which indicated the polar effects to afford the same 1,3-anti 
conformation in b-hydroxy ester 2.52. The strategy to reduce ester 2.52 with DIBAL and then 
proceed through hydrogenation with H2, Pd/C to remove the PMB group never worked as planned. 
One sequence was successful, but it was not reproducible since the hydrogenation mostly resulted 
in cyclic acetal product instead of the desired triol 2.36, even after switching the solvent from 
MeOH to EtOAc. The H2, Pd/C hydrogenation was chosen due to the minimization of aqueous 
work up in reason for the presence of three hydroxyl groups. Nevertheless, this unsuccessful 
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Scheme 2.14 First attempt to synthesize 1,3,5-anti triol 2.36 
 
  Moving on to the next attempt to synthesize 1,3,5-anti triol starting material, we proposed 
a different strategy using different starting material to change the reactivity of the terminal 
functionality, as shown in Scheme 2.15. Commercially available 1,3-propanediol 2.53 first 
underwent mono-protection with benzyl bromide and NaH, despite the low yield in 28% yield. 
The resulted benzyl alcohol was then oxidized using TEMPO-bleach oxidation to give benzyl 
aldehyde 2.54 in 71% yield. From this point, by following the same seven-step of the previous 
pathway to synthesize aldehyde 2.44, including the Mukaiyama aldol reaction, I was able to isolate 
the tert-butyl ester 2.55 in 1,3-anti conformation. Looking back at the 1,3-anti-diol 2.25 synthesis 
in Scheme 2.12, the free secondary alcohol in ester 2.55 was then protected with acetate group 
before cleaving the PMB group with DDQ to give g-alcohol 2.56. LAH reduction as the last step 
suggested the formation of 1,3,5-anti triol 2.57 based on the TLC; however, this was not promising 
because of the reaction work up and compound isolation issues due to the triol high polarity. This 






















    CH2Cl2, -78 oC
2) Pd/C, H2,




















Scheme 2.15 Second attempt to synthesize 1,3,5-anti triol starting material 
 
 Struggling with polarity led me to go back to using the tert-butyl ester 2.52 intermediate 
from my first attempt in Scheme 2.14. By protecting the free secondary alcohol with a TBS group, 
the DIBAL reduction smoothly gave alcohol 2.58 (Scheme 2.16). The resulting primary alcohol 
in 2.58 was also protected with TBS followed by removal with DDQ to give alcohol 2.59. The 
presence of silyl ether protecting group decreased the polarity of the compounds that not only 
prevented product loss upon work up, but also made the isolation with column chromatography a 
lot easier. A TBS protecting group was chosen because its removal with tosic acid did not require 
aqueous work up and crude product could be loaded onto a column immediately to afford 1,3,5-
anti triol 2.36 in excellent yield.  
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2.9 Attempts to Chlorinate Acyclic Aliphatic Vicinal Diols 
 As mentioned in the beginning of this chapter, there are numerous groups focus on 
controlling stereoselective synthesis of vicinal dichloride type of structures, both acyclic and 
cyclic.71, 74-75, 77-79 The comparison of 1,2- and 1,3-diols formation is illustrated in Figure 2.5. While 
we were originally focused on the development of diastereomeric acyclic 1,3-dichlorides, we were 
aspired to perceive our method compatibility for the construction of 1,2-dichlorides. Analogously, 
we proposed that we could achieve the diastereomeric acyclic aliphatic 1,2-dichlorides from 1,2-
diols.    
 
 
Figure 2.5 Comparison between 1,2-diols and 1,3-diols syntheses 
 
Scheme 2.17 summarizes our attempts to chlorinate 1,2-anti diol 2.60 and modified 1,2-
syn diol 2.61 using our established reaction conditions. These diol starting materials were prepared 
by an undergraduate student whom I mentored, Ly Ngo. Likewise, the diols starting materials were 
activated with 1.0 equivalent of triphosgene and 4.0 equivalent of pyridine in CH2Cl2 at 0 °C and 
then warmed to reflux for several hours. A trial to chlorinate 1,2-anti diol 2.60 resulted in a full 
conversion to 1,2-dichloride 2.63. Meanwhile, the diastereomer 1,2-syn diol 2.61a gave a mixture 
of 30:70 of the chlorinated 2.63 and cyclic carbonate 2.64. Surprisingly, the modified 















dimethylphenyl disiloxane byproduct when the reaction was conducted in 500 mM concentration. 
A study regarding the formation of 5-membered carbonate ring was previously reported as vicinal 
diol protection step of the intermediate for the enantioselective synthesis of galacto-sugars and 
deoxy sugars.145 Unfortunately, modification of our vicinal diol starting material with silyl ether 
was unsuccessful to produce the desired 1,2-syn dichloride. Additionally, the relative 
stereochemistry of this dichloride remained unresolved due to this approach discontinuation. My 
colleague, Alexander Cleveland, was then initiated different approach for this vicinal 
dichlorination, while still exploiting triphosgene-pyridine mixture.              
 
 
Scheme 2.17 Attempts to chlorinate 1,2-diols 2.60 and 2.61  
 
2.10 Vinyl Chloride Synthesis from Ketone2  
 As an extension of our chlorination studies, we were inspired to further investigate the 
applicability of our method to convert different functional group to its alkyl chloride, e.g. ketones 
to their corresponding vinyl chlorides. As explained in Chapter 1.6, there are numerous literature 
																																								 																				
2	Saputra, M. A.; Ngo, L.; Kartika, R., Synthesis of Vinyl Chlorides via Triphosgene-Pyridine 








R = H (2.61a), SiMe2Ph (2.61b)























reports concerning the synthesis of vinyl chlorides, despite the use of harsh conditions or limited 
scope of substrate.125-129 Some of these methods also reported the generation of inseparable 
byproducts.130-134 Reports on the utility of triphosgene to activate ketones are quite rare, but by 
comparing alcohol and ketone oxidation states, similar fashion of triphosgene activation we 
achieved towards alcohols could be applicable for ketones. One example was reported by Su and 
Jin in 2007, in which they synthesized vinyl chlorides by subjecting ketones to a mixture of 
catalytic Sc(OTf)3, DMF, and benzoyl chloride in the presence of triphosgene.131 Therefore, we 
wanted to propose a metal-free variant of this chemistry by using our established triphosgene-
pyridine mixture to activate the formation of vinyl chlorides from ketones. Our rationale is as 
follow in Scheme 2.18. Similar to our proposed chlorination mechanism, activation of ketone 2.65 
with triphosgene-pyridine would also form the reactive acylpyridinium ion intermediate 2.66 
before allowing the elimination to occur to form vinyl chloride 2.67.   
    
 
Scheme 2.18 Proposed synthetic pathway to prepare vinyl chloride from ketone   
 
2.11 Optimization Studies  
 Initial optimization studies were carried out using a simple cyclic ketone, cyclohexanone, 
as a substrate. 100 mM solution in CH2Cl2 based on cyclohexanone starting material was stirred 
at room temperature. Several equivalent variations were performed by using 0.5 equivalent of 
























4.0 equivalent of pyridine, all added in 0.5 equivalent pyridine increments. These reactions were 
periodically monitored by GC-MS. Although the reactions suggested the generation of vinyl 
chloride production without any byproducts being observed, the GC-MS trace only revealed a 
shouldered peak with unclear separation of starting material and 1-chloro-cyclohexene product 
(Figure 2.6a). Multiple GC method modifications have been attempted to separate the peaks but 
unable to result in any improvement. This might be caused by limitations associated with the GC 
column in our GC-MS instrument.  
         
 
Figure 2.6 GC traces of crude mixture using cyclohexanone (A) and ketone 2.68 (B) substrates 
 
 Substituted ketone 2.68 was then chosen as a substrate to optimize the reaction condition 
in order to achieve a better peaks separation. This was presumably due to the feasible difference 
in retention time between starting material and product on GC-MS trace. As expected, the 
separation was accomplished and one example of such separation is illustrated by GC-MS trace in 
Figure 2.6b. Although the presence of tert-butyl group ensued in a slower reaction than with simple 
cyclohexanone, the optimization studies showed promising results in forming substituted 
cyclohexene 2.68a, as presented in Table 2.6.  
A: using cyclohexanone B: using 4-tbutyl cyclohexanone  
pyridine 





Table 2.6 Reaction optimization using 4-tert-butyl cyclohexanone 2.68 
 
[a]Percent conversion based on GC-MS analyses of the crude mixture. 
 
 Similar to my attempts with cyclohexanone, the following optimization studies using 4-
tert-butyl cyclohexanone 2.68 were also conducted in 100 mM solution in CH2Cl2 based on ketone 
starting material. Initial studies were carried out with 0.5 equivalent of triphosgene in room 
temperature (columns A, entry 1-5), and we observed that the extent of product formation appeared 
to be directly associated with the higher amount of pyridine introduction. However, the starting 
ketone material was not fully consumed under these conditions even after 48 h of stirring. Other 
chlorinated solvents, such as chloroform and dichloroethane, were also unable to push the reaction 
to completion. Interestingly, an attempt to activate ketone 2.68 in non-chlorinated solvents, 





















































5 14 23 5 16 20
7 22 33 7 26 48
9 31 50 9 39 61
12 40 58 15 53 80
16 50 71 19 65 80
8 22 28 10 27 31
11 49 49 15 49 61
17 39 57 19 54 77
19 52 74 23 64 91
20 56 77 24 75 94
22 55 73 25 86 97
26 68 87 32 90 97
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 In order to achieve a full reaction completion, the same series of reaction using 0.5 
equivalent of triphosgene was repeated at reflux (columns B, entry 1-5). Similar pattern was 
observed as in the reactions at room temperature, in which the reaction was stagnant at 80% 
conversion (entry 5). Eventually, the amount of pyridine was then increased to 1.0 equivalent while 
gradually increasing the amount of pyridine from 1.0 to 4.0 equivalent. This new set of reactions 
were also conducted in both at room temperature and reflux (entry 6-12). The use of 1.0 equivalent 
of triphosgene and 4.0 equivalent of pyridine in CH2Cl2 at reflux was ultimately chosen as our 
optimized condition because it resulted the highest production of vinyl chloride (up to 97% GC 
conversion) after 48 h of stirring (column B, entry 12).   
	 Having established the molar equivalents of triphosgene and pyridine, five different 
reaction concentrations starting from 100 mM to 500 mM were then examined, still by using cyclic 
ketone 2.68. As seen in Table 2.7, concentration appeared to play a role in accelerating the reaction. 
The reaction nearly went to completion in only 6 hours when the concentration was doubled to 
200 mM, which was demonstrated by 82% conversion on GC-MS analyses. Further stirring of the 
reaction mixture showed that the starting material was fully consumed after 24 h (entry 2). 
Additional reaction concentration screening from 300 mM to 500 mM (entry 3-5) afforded the 
same results, in which the reaction went to completion for only after 6 h of stirring. 200 mM 
reaction concentration based on the aliphatic ketone starting material was then preferred as our 
ideal condition for aliphatic ketones. However, attempts of these reaction conditions towards 
aromatic bearing ketone, acetophenone 2.70, showed to be unfruitful and indicated only 23% GC 
conversion (entry 6). Increasing the reaction concentration to 500 mM revealed a more promising 
results in 71% conversion despite the longer time needed to push the reaction to occur (entry 7).  
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Ultimately, 500 mM reaction concentration was chosen to be our optimal condition for aromatic 
ketone starting material.  
 
Table 2.7 Concentration optimization  
	
[a]Percent conversion based on GC-MS analyses of the crude mixture. 
	
2.12 Reaction Compatibility to Various Ketone Substrates  
In order to demonstrate the compatibility of our approach to synthesize vinyl chlorides 
from ketones, an undergraduate student, Ly Ngo, and I performed preparative scale reactions to 
several commercially available aliphatic ketone substrates as listed in Table 2.8. Various 
cyclohexanone-derived substrates were subjected to our reaction conditions in 200 mM 
concentration to readily afford the corresponding vinyl chlorides after stirring at reflux for no more 
than 24 h (entry 1-5). As mentioned in the preliminary studies, simple cylcohexanone 2.70 cleanly 





















































product led to only 20% isolation yield, presumably due to its rapid decomposition on silica gel. 
The use of 4-substituted cyclohexanone derivatives, such as 4-tert-butyl cyclohexanone 2.68 and 
4-phenyl cyclohexanone 2.71, afforded both vinyl chloride 2.68a and 2.71a in quantitative GC 
conversion. The stability of these compounds in column chromatography resulted in excellent 
isolation yield in 80% and 93%, respectively.  
Treatment of 2-substituted cyclohexanone, including 2-phenylcyclohexanone 2.72 and 2-
sec-butylcyclohexanone 2.73, to these reaction conditions showed similar pattern where they 
produced mixture of regioisomers based on the GC-MS analyses. Both reactions favored the fully 
substituted double bond in vinyl chlorides 2.72a and 2.73a than the less substituted double bond 
in vinyl chlorides 2.72b and 2.73b, respectively. Interestingly, both ketone starting material 2.72 
and 2.73 were not fully consumed after 24 h of stirring. Similar to 1-chloro-cyclohexene 2.70a, 
the instability of the major vinyl chlorides 2.72a and 2.73a in column chromatography most likely 
reduced their isolation yield to only 42% and 34%, respectively. Meanwhile, the minor isomers 
2.72b and 2.73b were not detectable after separation on silica gel, presumably due to a much 
poorer instability in silica gel. 
Despite the isolation issues for some of the cyclic ketone substrate, these substrates 
appeared to be more tolerated in this protocol better than the acyclic aliphatic ketone substrate 2.74 
(entry 6). Exposure of this dibenzyl bearing ketone to our activation conditions in a more 
concentrated reaction (500 mM) and an extension reaction time was unable to push the reaction to 
completion. After 72 h of stirring at reflux, GC analysis of the crude material revealed a modest 
43% conversion yield in a form of 5:1 mixture of Z:E olefin geometry of vinyl chloride 2.74a and 
2.74b (entry 7). Moreover, isolation on column chromatography resulted in only 23% yield of the 
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inseparable isomers. 1H NMR studies supported the 5:1 mixture of the Z:E olefin geometry, while 
NOESY experiment supported the assignment of Z isomer as the major isomer. 
 
Table 2.8 Scope of aliphatic ketone substrates 
 
[a]Reaction concentration in 500 mM based on ketone starting material. [b]Isomer determination 
based on NMR studies.  
 
 
Table 2.9 depicts our attempts with the aromatic ketone substrates, in which three 






































































3). As in the concentration reaction in Table 2.7, acetophenone 2.69 indicated only 71% GC 
conversion to vinyl chloride 2.69a with 33% isolated yield after 48 h. Electron donating containing 
acetophenone 2.75 showed higher GC conversion in 89%, however, with only 22% isolated yield 
of vinyl chloride 2.75a. Surprisingly, GC-MS analyses of the electron withdrawing substituted 
acetophenone 2.76 indicated 51% conversion to the desired vinyl chloride 2.76a and 10% of a 
gem-dichloride byproduct 2.76b after stirring for 72h. The 54% isolated yield was a combined 
yield of these inseparable mixture in 5:1 products ratio based on 1H and 13C NMR analyses. An 
example of a fused ring ketone (entry 4), α-tetralone 2.77, was also subjected to the same reaction 
conditions and revealed 98% GC conversion with 54% isolated yield of vinyl chloride 2.77a. The 
excellent percent conversion possibly happened as a result of the presence of the fused cyclic ring 
that leads to a more favorable elimination step compared to the acetophenone derivatives, where 
free rotation is likely to occur.  
Several more elaborate ketone starting materials were also exposed to our vinyl chloride 
formation strategy, as shown in entry 5-8. Cyclohexanone 1,3-dione 2.78 was also applicable with 
our method to readily generate bis(vinyl chloride) 2.78a in 79% GC conversion and decent isolated 
yield in 41%. Moreover, a,b-unsaturated ketone 2.79 afforded the desired vinyl chloride 2.79a in 
quantitative percent conversion after 48 hours, despite the low 25% isolated yield. This results 
revealed that the presence of the adjacent double bond does not affect the transformation, instead 
it was able to form a more favorable conjugated alkene 2.79a. In contrary, a,b-unsaturated ketone 
2.80 was not reactive under identical chlorination conditions. The possibility for rearrangement to 
occur in order to form the conjugated divinyl chloride 2.80a was only implied by a trace amount 




Table 2.9 Scope of various more elaborate ketone substrates 
 









































































Finally, a b-keto ester substrate 2.81 was elected as a substrate to observe the 
chemoselectivity of the reaction, in which chloride was expected to attach at the carbonyl of ketone 
rather than ester carbonyl. This reaction was performed, however, only decomposition was 
observed without the preferred adduct 2.81a being detectable.   
Unfortunately, the isolated yields for most of the produced vinyl chlorides in Table 2.8 and 
Table 2.9 suggested their instability during chromatography. Attempts to modify the reaction 
quenching step by using different mild conditions, which also include eliminating this work up 
step and then loading the crude mixture immediately to column chromatography did not result in 
isolated yield improvement. The use of buffered silica gel, as well as the use of neutral alumina 
also unfruitful to increase the percent isolated yields. Likewise, trial to evaporate the solvent 
evaporation using vacuo in room temperature condition did not affect the isolated percent yield.             
Lastly, commercially available a,b-unsaturated ketone 2.80 emerged to be expensive at 
$155.50 for 1g from Sigma-Aldrich. Therefore, a,b-unsaturated ketone starting material 2.80 was 
prepared in two steps starting from ethyl crotonate 2.82, as shown in Scheme 2.19. This a,b-
unsaturated ester was first transformed into its Weinreb’s amide 2.83 before the addition of phenyl 
magnesium bromide to afford the desired a,b-unsaturated ketone 2.80, despite the low 24% 
isolated yield over 2 steps.  
 
 






















2.13 Proposed Vinyl Chloride Synthesis Mechanism 
 In agreement with our initial hypothesis, the reaction mechanism of our vinyl chloride 
synthesis is proposed in Scheme 2.20. Activation of ketones with triphosgene and pyridine in 
CH2Cl2 initially produced a-chloro chloroformate 2.84. Although this presumed intermediate was 
not observed in any of our GC-MS and NMR studies, the possible involvement of this species was 
supported by Coghlan’s report.141 He described the conversion of aldehydes to analogous a-chloro 
chloroformate functionality under similar reaction conditions. As explained in our preliminary 
studies, the generation of vinyl chloride appeared to be dependent on the amount of pyridine. This 
could hypothetically suggest the involvement of pyridine as a nucleophilic activator, which 
transformed a-chloro chloroformate 2.84 to the respective a-chloro pyridinium carbamate 
intermediate 2.66. This putative intermediate then proceeded to undergo an E2 elimination of the 
pyridinium carbamate moiety upon deprotonation of the adjacent a-hydrogen, presumably by 
pyridine. This process would eventually produce the corresponding vinyl chloride 2.67 while 
liberating carbon dioxide as a byproduct. Nevertheless, an alternative pathway could also be 
possible via a direct E2 elimination of a-chloro chloroformate 2.84 to vinyl chloride 2.67 induced 
by pyridine.     
     	
	




































2.14 Additional Reactions of Vinyl Chloride Synthesis    
In addition to the success of bis(vinyl chloride) 2.78a, an attempt to synthesize vinyl 
chloride from 1,2-dione substrate 2.85 was also carried out using identical reaction conditions 
(Scheme 2.21). However, this 1,2-diketone 2.85 revealed to be unsuitable for this chlorination 
method since it produced mostly the cyclic carbonate product 2.86 in low percent conversion 
instead of the desired 1,2-bis(vinyl chloride). The cyclic carbonate appeared to be more favorable 
than the chloride addition, similar to the attempted chlorination of 1,2-diol in Scheme 2.17.    
 
 
Scheme 2.21 An attempt to chlorinate 1,2-diketone 2.85 
 
 Moreover, Scheme 2.22 displayed further extension of our vinyl chloride protocol toward 
the synthesis of aromatic ring as in chloro naphthalene 2.77b and dichloro benzene 2.78b, by 
utilizing DDQ. Multiple trials to aromatize 2.77a and 2.78a were unfortunately unsuccessful. 
Attempts to run the reaction in one step was unsatisfactory, and only 29% isolated yield was able 
to obtain over two steps to afford chloro naphthalene 2.77b. Meanwhile, due to the volatility and 
instability of 1,3-dichloro benzene 2.78b, this product was unable to achieve.   
 















Scheme 2.22 Modification reactions to aromatize ketones 2.77 and 2.78 
 
2.15 Conclusion 
 This chapter showcases our successful endeavors to exploit triphosgene-pyridine mixture 
as a new synthetic reagent in chlorination reactions. A stereocomplimentary reaction was able to 
pursue the chlorination of 1,3-diols into their corresponding 1,3-dichlorides in a stereoselective 
manner. These suggested we could further expand our protocol to achieve our global chlorination 
goal, as well as towards chlorosulfolipids total synthesis. The same chlorinating mixture was also 
effective to convert ketones to their respective vinyl chlorides, which means we could obtain two 
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CHAPTER THREE: 2-AMINOALLYL CATIONS AS REACTIVE INTERMEDIATES 
FOR CYCLOADDITION REACTIONS   
 
3.1 Purpose 
 This chapter reviews several known approaches to generate and to utilize 2-aminoallyl 
cation intermediates. Despite of these intermediates reactivity, these underexplored species have 
promising values for various reactions, but mainly for cycloaddition reactions. The formation of 
2-aminoallyl cations from enamines, haloimines, or allenes will be described. This also includes 
the application in fragmentations of vinylaziridine and imino-Nazarov cyclization reaction. 
3.2 Introduction to 2-Aminoallyl Cations   
Unlike oxyallyl cation that has been studied to be used in many different reactions,146-153 
reports on the functionalization of 2-aminoallyl cations, which contain three carbons and one 
nitrogen atoms, are very limited. These reactive intermediates, especially those belonging to a five-
membered variant 3.1 was commonly believed to favor a ring fragmentation to form acyclic 
cations 3.2, which could form a more stable 3-azapentadienyl cations 3.3 through an Imino-
Nazarov electrocylic ring opening (Scheme 3.1). This seemingly due to the over-stabilization of 
the emerging 3-azapentadienyl cations 3.3 by electron donation from the nitrogen atom to the p-
systems.154 Therefore, this concern limited their predisposition to mostly undergo cycloaddition 
reactions, while direct intermolecular carbon-carbon bonds formation remain challenging.  
 
 


















3.3 Silver Induced Ionization of a-Haloenamines or Imines for [4+3] Cycloaddition  
 In 1974, Schmid reported the first study on the formation of 2-aminoallyl cations using a-
chloroenamine 3.4 (Scheme 3.2 eq. 1). Upon treatment with AgBF4, cationic intermediate 3.5 was 
produced in situ and readily captured by furan to undergo [4+3] cycloaddition to afford sterically 
complex polycyclic ketone 3.6 in 68%.155-156 Despite the rare explanation of this particular method, 
in 1995 Cha implemented this reaction to synthesize 3.6 in 73% yield as the starting material for 
their enantioselective synthesis of an oxocane marine natural product named (+)-cis-lauthisan.157 
Meanwhile, in 1994 Cha and co-workers reported their results in the preparation of cyloadducts 
derivatives from enamines 3.7 (eq. 2). Nevertheless, similar activation of a-chloroenamine 3.7 
using AgBF4 was presumed to form intermediates 3.8. The following cycloaddition with spiro-
heptadiene resulted in a mixture of polycyclic 3.9 and 3.10 regardless of the low isolated yields, 
with ketone 3.9 as the major product due to the cis relationship between the cyclopropane moiety 
and the siloxy group.158-159        
 
 






























 A silver induced ionization of an acyclic a-chloroketimine 3.11 was briefly reported by De 
Kimpe group in 1986 (Scheme 3.3 eq. 1), in which they were able to produce the cycloaddition 
imine adduct 3.13 with furan through the formation of 2-aminoallyl carbenium ion 3.12.160-161 
Subsequently, an asymmetric variant of this system was reported by Kende and Huang in 1997 
(eq. 2).162 They described that the ionization of chiral a-chloroimine 3.14, also by using AgBF4, 
was able to generate the putative chiral 2-aminoallyl cation 3.15. Immediate trapping with furan 
and subsequent hydrolysis workup yielded 37% isolated bicyclic pyranone 3.16 with 60% ee. 
Regardless of the low yield, this study served as a promising approach for enantioselective [4+3] 
cycloaddition reaction.               
   
 
Scheme 3.3 De Kimpe and Kende cycloaddition approach using a-chloroimine 
 
3.4 Intramolecular Cycloaddition Reactions via Aziridines Ring Opening  
 Interested in the potential of methylene aziridines as building blocks for a variety of useful 
synthetic transformations,163 Shipman group published its initial approach to synthesize polycyclic 





















































as Lewis acid to activate the nitrogen atom in the methyelene aziridine precursor 3.17, this 
complexation would then afford the highly strained and reactive aziridinium ion 3.18. This 
intermediate was expected to undergo fragmentation to form a Lewis acid complexed 2-aminoallyl 
cation 3.19. Further intramolecular [4+3] cycloaddition reaction with the tethered furan ring as the 
diene source would yield tricyclic imine 3.20 in 67% yield as a single stereoisomer. Similarly, 
exploitation of BF3•OEt2 to promote [3+2] cycloaddition involving alkyne was also reported by 
Shipman group in 2012.165 Activation of alkyne bearing aziridine 3.21, which only had one methyl 
group on the exocyclic double bond of the methylene aziridine, was suggested to form a planar 2-
aminoallyl cation intermediate 3.22 and gratifyingly furnished a bicyclic pyrrole 3.23 in 38% yield. 
 
 
Scheme 3.4 Shipman’s Lewis acid assisted methylene aziridine ring fragmentation  
 
 Separately in 2010, Robertson and co-workers demonstrated a CSA-catalyzed cascade 
aziridine ring opening and cycloaddition reaction using furan methylene aziridine 3.24 (Scheme 

















































participated in [4+3] intramolecular cycloaddition to form imine 3.26, which then hydrolyzed in 
situ to afford tricycle undecenone derivative 3.27 in 22% yield. 
    
 
Scheme 3.5 Robertson’s fragmentation of aziridine ring for [4+3] cycloaddition  
 
3.5 Rhodium Catalyzed Allene Amidation  
Having interest in 2-aminoallyl cations, in 2010 both Blakey and Robertson groups 
independently described their findings in the allene activation for the formation of a conceptually 
related, 2-amidoallyl cations.167-168 Blakey stated 2-amidoallyl cations as versatile 1,3-dipole 
equivalents, thus these intermediates could be useful for the construction of heterocyclic 
compounds.167 Both groups reported the treatment of allene sulfamate 3.28 with rhodium catalyst 
in the presence of hypervalent iodine following Du Bois protocol169-170 to produce the putative 2-
amidoallyl cation intermediate 3.29 (Scheme 3.6). Trapping with Grignard reagent resulted in a 
highly substituted aminocyclopropane 3.30 in 73% yield,167 while acetate trapping furnished 
bicyclic cyclopropane 3.31 in 49% yield.168 Meanwhile in 2014, in lieu of its program to synthesize 
aminosugar motifs, Schomaker group treated dimethylketal-substituted allene 3.32 with 
Rh2(OAc)4 and PhIO to form a possible 2-amidoallyl cation 3.33, which then afforded (E)-



























Scheme 3.6 Intramolecular allene amidation through oxidative rearrangement  
  
Following their study on 2-amidoallyl cation, Blakey and co-workers continued on their 
investigation towards different transformations, especially in the cycloaddition reactions.167, 172 As 
shown in Scheme 3.7, Blakey subjected sulfamate-bearing allene 3.36 to their standard rhodium-
catalyzed reaction to form 2-amidoallyl cation 3.37. The use of benzaldehyde as a dipolarophile 
followed by NaBH4 reductive workup successfully afforded the [3+2] cycloaddition adduct, 
trisubstituted tetrahydrofuran 3.38 in 40% yield as a single regio- and diastereomer. Additionaly, 
the putative 2-amidoallyl cation 3.37 was trapped with nitrone 3.39 to further form hydroxylamine 
anion 3.40. Surprisingly, the expected [3+3] cycloaddition adduct 3.41 was not observed, instead 
the unexpected bridged bicyclic heterocycle 3.42 was isolated in 65% yield. This result showcased 







































































Scheme 3.7 Blakey’s allene amidation for seven-membered ring syntheses   
 
More recently, inspired by their previous work  in Scheme 3.6, in 2016 Schomaker and co-
workers reported their take on rhodium catalyst to synthesize a highly functionalized cycloheptene 
through a tandem allene aziridination / [4+3] cycloaddition.173 As shown in Scheme 3.8, this group 
envisioned allene aziridination / ring opening as in Shipman’s chemistry (Scheme 3.4), in which 
they treated allene 3.43 with Rh2(TPA)4 and PhIO to generate aziridine 3.44 and rapidly 
fragmented to form rhodium-complexed 2-amidoallyl cation 3.45. Further furan trapping followed 
by NaBH4 reductive workup yielded a carbocycle containing five stereocenters, cycloheptene 3.46 




















[3 + 2] cycloaddition
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Scheme 3.8 Schomaker’s tandem aziridine ring opening/[4+3] cycloaddition  
 
3.6 Imino-Nazarov Cyclization Reactions  
 Another way to generate 2-aminoallyl cation is through an imino-Nazarov cyclization 
reaction, which is known as the analogue of the Nazarov cyclization reaction involving the 
presence of nitrogen atom in place of oxygen atom.174 As shown in Scheme 3.9, Nazarov 
cyclization reaction in its traditional form involves the electrophilic activation of the divinyl ketone 
precursor 3.47, mostly with Lewis acid, to form the unfavorable 3-oxygenated pentadienyl cation 
3.48.175-177 The following conrotatory 4p-electron electrocyclic ring closing would lead to the key 
oxyallyl cation 3.49, which would furnish either cyclopentenone 3.50 through elimination or 
substituted cyclopentanone 3.51 through nucleophilic trapping. Multiple examples have been 
reported in regards of these transformations.148-149, 152, 175-177 However, as displayed in Scheme 3.1, 
the analogous process termed as imino-Nazarov cyclization has its own encounter due to the 
nitrogen stabilization that favored the 3-aminopentadienyl cations 3.2 over the 2-aminoallyl cation 
3.1.154 Therefore, various groups were challenged to construct a five-membered ring via an 



































Scheme 3.9 Classical Nazarov cyclization reaction 
 
Since then, to the best of our knowledge, one of the first examples of imino-Nazarov 
cyclization was reported by Tius in 2001.178 Nucleophilic addition of lithio allenyl ether 3.52 to 
nitrile 3.53 afforded a lithiated divinyl imine 3.54, which naturally underwent imino-Nazarov 
cyclization to form a putative lithiated 2-aminoallyl cation 3.55 (Scheme 3.10 eq. 1). Upon basic 
workup with (NH4)H2PO4 this reaction furnished a final product, amino cyclopentenone 3.56 in 
73% yield. Tius then followed up this chemistry by reporting the asymmetric version in 2010 (eq. 
2).179 By treating a-ketoenone 3.57 with stoichiometric amount of diamine salt 3.58 in the presence 
of catalytic H2O, the enamine-iminium carbocation 3.59 was expected to be formed and further 
cyclized to 2-aminoallyl cation intermediate 3.60 through a conrotatory process. Hydrolysis of the 
intermediate would then regenerate the diamine salt 3.58 while liberating a-hydroxy enone 3.61 





























Scheme 3.10 Tius approach on imino-Nazarov cyclization reaction  
 
 In 2012, Hsung and co-workers described their discovery to regioselectively construct a 
synthetically useful aromatic ring-fused cyclopentenamides by using gold(I) catalysis (Scheme 
3.11 eq. 1).180 Starting with a-aryl-substituted allenamides 3.62, catalytic amount of the gold 
catalyst iPrAuCl/AgSbF6 was able to activate the allene to form 2-amidoallyl cation 3.63 instead 
of the undesired amido-pentadienyl cation. This due to the presence of tosylate group as electron 
withdrawing group that could help stabilize the cyclic cationic intermediate 3.63, which then 






































(1) first approach (2001)
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catalyzed imino-Nazarov cyclization reaction towards aminocyclopropane 3.65 using AgNTf2 (eq. 
2) in 2013.181 The cyclopropane ring opening followed by cyclization reaction was undeniably 
more favorable towards the formation of cationic intermediates 3.66, which consequently afforded 
iminium ion 3.67. The following treatment of this cation with NaBH4 resulted in amino 
cyclopentene 3.68 in 50% yield over two steps with complete diastereoselectivity.                
 
 
Scheme 3.11 Metal catalyzed imino-Nazarov cyclization reactions 
 
 More recently, in 2014 Liu reported the implementation of titanium-butadiyne complex 
and a-iminonitriles to provide highly functionalized 3-aminopyrroles in an imino aza-Nazarov 
pathway.182 Addition of a-iminonitriles 3.70 to alkynyltitanacyclopropene 3.69 resulted in the 
formation of titanium-complexed 3-aminopentadienyl cation 3.71, which eventually led to 2-
aminoallyl cation 3.72 (Scheme 3.12). In this case, the cyclic allylic cation 3.72 was more 
favorable due to a stronger stabilization on the titanium-complexed nitrogen atom. Upon direct 
















































co-workers believed that this transformation happened via an imino aza-Nazarov reaction. They 
also attempted to isolate the intermediate, in which upon isolation using neutral Al2O3, alkynyl 
diimine adduct 3.73 was isolated in 83% yield, and further column chromatography on silica gel 
converted diimine 3.73 to 3-aminopyrrole 3.74 in 85% yield. This confirmed the cyclization 
occurred during purification.             
 
 
Scheme 3.12 Liu’s imino aza-Nazarov cyclization reaction 
 
3.7 Conclusion  
 To date, the known chemistries to exploit 2-aminoallyl cation as powerful synthetic 
intermediates are still limited due to its reactivity towards ring fragmentation. Mainly involved in 
cyclization reactions, several known examples of the feasible pathways to generate 2-amidoallyl 
cations have been described, either by the use of transition metal or Lewis acid catalysis. Also, the 
most recent studies related to imino-Nazarov reaction indicated that by stabilizing the nitrogen 
atom, there is a possibility to maintain 2-aminoallyl cation in its cyclic form, which could be an 
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CHAPTER FOUR: BRØNSTED ACID CATALYZED REGIOSELECTIVE 
NUCLEOPHILIC ADDITION VIA 2-AMIDOALLYL CATIONS3 
 
4.1 Purpose 
 This chapter depicts our approach in exploiting the currently understudied 2-amidoallyl 
cation intermediates toward regioselective nucleophilic addition to form a highly functionalized 
enamide adduct by utilizing a mild Brønsted acid. It comprises the selection and the synthesis of 
the a-hydroxy-a-substituted enamide starting material, as well as our initial activation studies in 
order to generate the unsymmetrical 2-amidoallyl cations. The reaction compatibility 
determination using various substituted indole nucleophiles and heteroatom-containing 
nucleophiles, along with screening of numerous a-substituent are also described. Moreover, the 
extension of Brønsted acid activation toward several N-substituted systems, and multiple NMR 
studies to support the proposed stereochemistry are presented.    
4.2 Introduction to Our Established Oxyallyl Cation Chemistries  
 As described in Chapter Two, our research group was successful in developing a new 
chlorination method from primary and secondary alcohols by using triphosgene-pyridine 
mixture.137, 139-140 We learned that upon activation of alcohol 4.1, the more reactive pyridinium ion 
intermediate 4.2 was then attacked by chloride ion to form alkyl chloride 4.3 in a stereoselective 
manner following an SN2 reaction pathway (Scheme 4.1). From these chlorination results, we were 
inspired to pursue a different nucleophilic addition reaction via an SN1-type mechanism, which 
unquestionably comprising in a carbocation formation. Commonly known to start with a substrate 
containing a leaving group 4.4, this leaving group would be cleaved to form a carbenium ion 4.5 
																																								 																				
3Saputra, M. A.; Dange, N. S.; Cleveland, A. H.; Malone, J. A.; Fronczek, F. R.; Kartika, R., 
Regioselective Functionalization of Enamides at the a-Carbon via Unsymmetrical 2-Amidoallyl 




upon ionization.183-191 We envisioned that the planar geometry of this carbocation intermediate 
would provide an enhanced strategy for nucleophilic addition where we could stabilize the 
carbocation through modification and control the nucleophilic attack in order to achieve 
regioselectivity.       
         
 
Scheme 4.1 Two different pathways of nucleophilic substitution involving carbocation  
 
The implementation of this stabilized carbocation chemistry idea was then successfully 
introduced by research endeavors of several colleagues in utilizing mild Brønsted acid to form 
oxyallyl cation intermediates in an unsymmetrical system, which was challenging to overcome.192-
198 Several of these five-membered ring oxyallyl cation chemistries that have been developed in 
our research group are summarizes in Scheme 4.2. After extensive studies, my colleagues 
discovered that the regioselectivity control upon nucleophilic attack was depending on the a-
hydroxy enol ether precursor. Ionization of the starting material with mild Brønsted acid, such as 
pyridinium triflate, using a non-polar solvent at room temperature, both a-hydroxy enol ether 4.6 
































Scheme 4.2 The established five-membered ring oxyallyl cation chemistries in our laboratory  
 
The use of silylenol ether as a protecting group of the oxygen atom prevented 
decomposition to occur under acidic ionization condition and readily afforded the corresponding 
silylenol ether adduct 4.9 with the nucleophile exclusively attached at the less substituted a’-
position.192, 196 This reaction was conducted in catalytic amount (0.1 equivalent) of pyridinium 
triflate and 2.0 equivalents of indole in toluene at room temperature, with 4Å MS was also added 
due to the expected H2O being released as the result of protonation of the hydroxyl group with 













































R2 = alkyl, aryl, R4 = Me, R5 = H
43-97% yield
cascade regioselective nucleophilic



























screened to determine reaction compatibility, in which all reactions furnished a single regioisomer 
product in 60-93% isolated yields. 
Meanwhile, the use of aryl substituted a-hydroxy methylenol ethers 4.7 in the same 
catalytic reaction conditions was also generated the unsymmetrical oxyallyl cation intermediates 
4.8 without decomposition happening. Further direct nucleophilic capture of these intermediates 
resulted in an exquisite control of regioselectivity to afford various highly functionalized enol 
ethers 4.10.193, 196 These cooperative benzylic-oxyallylic stabilized cations successfully 
constructed a-quaternary center, presumably at the electrophilic carbon bearing the alkyl 
substituent, with 68-93% isolated yields upon screening of different indoles and heteroatom 
nucleophiles, as well as different alkyl substituents. Furthermore, during this particular study, my 
colleagues learned that addition of 4Å MS was unnecessary for the reaction to occur.195 In fact, 
the nucleophilic trapping happened in a shorter period of time than the reaction with added 4Å 
MS.   
Having established the silylenol ether a’-functionalization 4.9 through an intermediacy of 
the corresponding silyloxyallyl cations, my colleagues then pushed the chemistry towards a more 
complex system using 2-silyloxypentadienyl cation intermediates 4.11 by utilizing vinyl-
containing silylenol ether 4.7a as a starting material (Scheme 4.3).194 Reactive intermediates 4.11a, 
which were possible to appear in equilibrium with 4.11b, were successfully achieved upon 
ionization, also by using catalytic amount (0.1 equivalent) of pyridinium triflate in toluene at room 
temperature. As expected, the ensuing nucleophilic attack to these intermediates occurred solely 
at the less substituted electrophilic carbon, i.e. the g-position. This attack then produced a 
conjugated g-functionalized silyldienol ether 4.12 in a regioselective manner. Interestingly, the 
newly formed tetrasubstituted double bond was furnished exclusively as the (Z) isomer as in 4.12a 
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when indole or other various substituted indoles were used as nucleophile, with isolated yields 
ranged at 74-99%. However, when oxygen-containing nucleophiles were used, for example 
methanol and 3-phenyl-1-propanol, the addition products showed reversal alkene geometry from 
Z to E isomer. It was anticipated that 2-silyloxyallyl cation intermediate 4.11a would be in a 
reversible mode towards intermediate 4.11b, therefore it could generate the respective 
tetrasubstituted E-selective adduct 4.12b, which was speculated driven by thermodynamics. 
Further activation of compound 4.12b with catalytic pyridinium triflate and indole generated g-
indole silyldienol ether 4.12a with a complete conversion of the tetrasubstituted double bond to 
(Z) geometry. This result demonstrated the tunable control of our reaction protocol.                 
 
 
Scheme 4.3 g-functionalization via 2-silyloxypentadienyl cations  
 
 Following the successful g-functionalization of the vinyl-substituted a-hydroxy silylenol 
ether 4.7a as depicted in Scheme 4.3, my colleagues was then expanded the chemistry towards 
carbazole annulation through intramolecular ring cyclization.198 Preliminary investigations 
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silylenolether 4.12, however,  they found out that a more stronger acid, i.e. camphorsulfonic acid 
(CSA) was needed to push the reaction to produce carbazole 4.13. The reaction was then performed 
with 0.5 equivalent of CSA and 1.0 equivalent of indole in 0.5 M CH2Cl2 at room temperature, 
and the proposed reaction mechanism of this transformation detailed in Scheme 4.4. Firstly, the 
generation of g-indolyl adduct 4.12a via 2-silyloxypentadienyl cation intermediates followed the 
mechanism in Scheme 4.3. The following in situ protodesilylation by catalytic CSA and trace 
water generated in the initial ionization step unmasked the a’,b’-unsaturated ketone to form the 
protonated carbonyl 4.12c. Conjugate addition by water at the b’-carbon then furnished enol 4.12d, 
which presumed as the intermediate for double bond isomerization as suggested in the reversible 
isomerization of intermediates 4.11a and 4.11b in Scheme 4.3. The more favorable geometry 
shown in 4.12d allowed the intramolecular cyclization through carbonyl addition by the pendant 
indole ring to form the spirocyclic iminium ion 4.12e. A subsequent ring expansion, followed by 
regeneration of aromaticity through the loss of hydronium ion, then completed the formation of 
carbazole 4.13a. Ultimately, these reaction conditions were tolerable by various substituted indoles 
and various a-substituents, which resulted in a library of highly functionalized carbazoles. 
 
 


























































4.3 Our Approach to Exploit 2-Aminoallyl Cation Intermediates   
Based on our group’s success in developing oxyallyl cation chemistries, an analogous 
approach was then proposed toward the exploration of 2-aminoallyl cation type of intermediates, 
which starts from enamine 4.14 (Scheme 4.5). As mentioned in Chapter Three, these intermediates, 
especially the ones belong in five-membered ring, are still currently underexplored due to various 
issues, ranging from accessibility of the starting precursors to poor reaction efficiencies.167 
Commonly, enamine known to possess general reactivity in the nucleophilic a-carbon to form 
iminium ion 4.15.181-182, 199-201 Therefore, we sought to pursue the umpolung version to 
functionalize the electrophilic a-carbon in 4.16. To the best of our knowledge, direct nucleophilic 
trapping in these type of intermediates has not been reported.    
Our overall hypothesis was envisioned by the use of five-membered substituted α-hydroxy 
enamines 4.17 as starting compound. Learning from the work of Hsung,180 we designed the starting 
material to deliberately incorporated by an electron-withdrawing group at the nitrogen atom with 
a rationale that upon formation of the putative intermediate 4.19, an electron-poor functionality 
would destabilize the corresponding 3-aminopentadienyl resonance contributors 4.18. This would 
impede the formation of potentially competitive ring fragmentation through retro imino-Nazarov 
reaction.202 Activation of starting enamine 4.17 would be achieved under catalytic Brønsted acid. 
Despite the general instability of enamines in acidic environment, selective protonation of the α-
hydroxyl group would be controlled under kinetically biased conditions, such as through solvent 
effects. In the presence of external nucleophiles, the forming unsymmetrical 2-aminoallyl cations 
4.19 would then be captured at the less substituted electrophilic carbon, i.e. α’-position.203 This 
would generate fully substituted enamine 4.20 that should be thermodynamically more favorable 




Scheme 4.5 Chemistries with five-membered 2-aminoallyl cations 
 
In particular, a model substrate of five-membered α-hydroxy enamide 4.22 that was 
decorated with N-methyl-N-tosyl groups along with a hydroxyl group and a phenyl substituent at 
the α-carbon, was selected to demonstrate our proof of concept. Additionally, a strategic placement 
of the phenyl substituent at the α-position should provide supplementary stabilization effects 
through resonance, thus further empowering the formation of the cationic intermediate. The 
presence of sulfonamide group suggested us to further refer it as enamide starting material and 2-




























































4.4 The Synthesis of a-Hydroxy Enamide Starting Material 
 In general, the preparation of five-membered  a-hydroxy enamide starting material 4.29 
included a five-step reaction starting from commercially available cyclopentene 4.23, as depicted 
in Scheme 4.6. Upjohn dihydroxylation reaction using OsO4 and NMO to the starting cyclopentene 
4.23 resulted in vicinal diol 4.24. The following Swern Oxidation to diol 4.24 afforded 
cyclopentane-1,2-dione 4.25, which occurred as the tautomerized structure, a more stable enol 
4.26. An acid-catalyzed condensation reaction between enol 4.26 with tosylamide in the presence 
of tosic acid and 4Å MS in reflux then yielded the N-tosyl functionalized keto-enamide 4.27. 
Protection of the free nitrogen atom in 4.27 with MeI using mild base, K2CO3, afforded the main 
intermediate N-metyl-N-tosyl 4.28, which further underwent nucleophilic addition with various 
Grignard reagent to give the desired a-hydroxy-a-substituted enamide starting material 4.29 in 
moderate to excellent percent isolated yields. The presumed stereochemistry of N-metyl-N-tosyl 
tertiary alcohol 4.29 was deduced by x-ray crystallography of several crystalline addition products, 
such as where R was phenyl, methyl, or 3,5-bis(trifluoromethyl)phenyl.   
 
 


































 This N-methyl-N-tosyl groups in our starting material 4.29 was selected after an extensive 
screening to install different substituents at the nitrogen center. As listed in Figure 4.1, first 
attempts were performed by using a smaller sulfonyl group as in N-methyl-N-mesyl with phenyl 
and methyl substituents at the a position, 4.30 and 4.31, respectively. These substrates were able 
to be carried out to the ionization condition despite the low yields in each step, however, did not 
result in a clean formation of the desired end product. In fact, inseparable complex mixture was 
detected from NMR studies. Similarly, N-methyl-N-anisyl sulfonate starting material 4.32 also 
provided the same result of complex mixture. Meanwhile, starting materials with N-methyl-N-
nosyl 4.33 and N-methyl-N-acetate 4.34 were unsuccessful to synthesize and could not further 
subjected to our ionization conditions. Lastly, trials to use simpler substituents as in N-methyl-N-
phenyl 4.35, N,N-diethyl 4.36, and pyrrolidine 4.37 were also unsuccessful to obtain due to the 
instability issue of these compounds and led to decomposition. With all of these considerations, a 
more stable and easy to handle N-methyl-N-tosyl substituents were preferred as our balancing 
groups in order to form the anticipated 2-amidoallyl cation intermediates.   
      
 








4.30 (R = Ph)








































4.5 Reaction Optimization Studies  
 As indicated in Table 4.1, the α-hydroxy α-phenyl enamide 4.22 was used as our model 
substrate for optimization studies and this tertiary alcohol-containing enamide was subjected to a 
series of ionization conditions. Indole was preferred as the nucleophile in our preliminary studies 
because indole is commonly known to have a strong reactivity towards electrophilic aromatic 
subtitution, mainly at the C3 site that is about 1013 times more reactive than benzene.204-206 On the 
other hand, indole gives a strong activity under UV light and easy to distinguish based on the dark 
color on TLC plate after staining with anisaldehyde-sulfuric acid solution. This certainly helps 
with the reaction monitoring by simply using TLC.   
 
Table 4.1 a’-Functionalization reaction optimization studies  
 
[a]Isolated yield after flash column chromatography. [b]The product was contaminated with 
































































13 0.3 CH2Cl2 51%[c]Py TfOH 48
Py TsOH
14 0.3 CH2Cl2 71%TfOH 1.5




















The optimization studies began with 1.0 equivalent of various Brønsted acids in 0.2 M 
CH2Cl2 (entries 1-5) at room temperature. These studies were initiated by screening strong acids, 
such as trifluoroacetic acid and CSA (entries 1-2). While these acids rapidly consumed the starting 
material, these conditions produced the corresponding α’-indolyl enamide 4.38 that was 
contaminated with inseparable byproducts. Interestingly, the use of tosic acid or milder Brønsted 
acids, including pyridinium tosylate and pyridinium triflate led to much cleaner reactions (entries 
3-5). Moreover, activation of 4.22 with a stoichiometric amount of pyridinium triflate afforded the 
desired product 4.38 in 79% yield in 26 h (entry 5). Unsurprisingly, the efficacy of this new 
methodology appeared to be sensitive to solvent effects. As indicated in entries 6-8, an attempt to 
perform reactions in toluene, THF, or MeCN only led to significant erosion in product yields. 
The studies then continued on with the optimization on the equivalents of pyridinium 
triflate with CH2Cl2 as the preferred solvent. While we employed 1.0 equivalent in the initial 
screening, the amount of Brønsted acid was systematically reduced to 0.1 equivalent (entries 9-
12). As expected, the rate of reaction dropped correspondingly with the decreasing loading of the 
Brønsted acid catalyst; however, these modifications did not affect the product yield. In contrast, 
lowering the amount of indole drastically reduced the yield to 51% (entry 13).  
Lastly, a trial to activate α-hydroxy enamide 4.22 with catalytic triflic acid also generated 
the same α’-indolyl enamide 4.38 (entry 14). This result indicated that the observed 
regioselectivity in the product formation was not induced by the conjugate base. The structural 
assignment of α’-indolyl enamide 4.38 and its depicted solid state conformation was 
unambiguously deduced by X-ray crystallography (Figure 4.2). As hypothesized, indole addition 
to putative unsymmetrical 2-amidoallyl cation intermediates had occurred at the less substituted 




Figure 4.2 X-ray structures of α-hydroxy- α-phenyl 4.22 and α-phenyl-α’-indolyl enamide 4.38  
 
From these studies, we ultimately established the optimized conditions to involve the use 
of 0.3 equivalent of pyridinium triflate and 2 equivalents of indole. The reaction was performed in 
0.2 M CH2Cl2 based on starting material at room temperature, in which α’-indolyl enamide 4.38 
was produced in 76% yield as a single regioisomer. Experimentally, this protocol was practical 
and easy to set up without aqueous workup prior loading to column chromatography for 
purification.  
4.6 Scope of Nucleophiles Screening 
 Having the optimized catalytic conditions to perform our ionization toward nucleophilic 
trapping with indole, various other substituted indoles were then screened to demonstrate our 
reaction compatibility, as listed in Table 4.2. An electron rich 5-methoxyindole was successful to 
afford the α-phenyl-α’-(5-methoxy)-indolyl enamide 4.39a in 74% yield, while halogenated 5-
bromoindole was excellently furnished the nucleophilic addition product 4.39b in 81% yield. 
Product 4.39b was also cleanly isolated in 84% yield when an attempt to perform the reaction in a 
gram scale was conducted. As expected, electron withdrawing-containing methyl-5-carboxylate-
indole also resulted the α’-indolyl enamide 4.39c in 74% yield in less than 24 h to complete the 
reaction. Interestingly, when 4-cyanoindole was used, it only resulted 25% of the desired product 
(A)4.22 (B) 4.38 
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4.39d that was contaminated with inseparable and unidentified byproducts. This presumably due 
to the reactivity of the cyano group. 
 
Table 4.2 Scope of substituted indoles  
 
[a]Isolated yield after flash column chromatography. [b]The reaction was performed in 1-gram scale. 
[c]Product 4.39d was isolated in 25% yield but significantly contaminated with inseparable 
byproducts. 
 
Meanwhile, methylated indole and sterically hindered 2-phenyl-indole were surprisingly 
yielded 70% of compound 4.39e and 78% of compound 4.39f in 66 h and 72 h, respectively. 
Despite the longer time needed for the reactions to go to completion, these results indicated that 
either protected indole or the presence of large group attached to indole did not affect the 
proficiency of this ionization reaction. Similarly, when a larger benzoindole was subjected to our 

















74% (46 h) 74% (22 h)81% (24 h)


















































The ensuing nucleophile screening was performed by employing various heteroatom-
centered nucleophiles, as shown in Table 4.3. While primary alcohol 4.40a excellently resulted a 
single addition product 4.41a in 81% in only 24 h, secondary alcohol cyclohexanol 4.40b furnished 
71% of the isolated adduct 4.41b within 70 h time of completion. Meanwhile, sulfur-containing 
nucleophile, thiophenol 4.40c, yielded the desired product 4.41c in 72% in only 27 h. As expected, 
less nucleophilic pyrrole 4.40d required a longer reaction time and the reaction did not go to 
completion even after stirring for 240 h. The reaction was eventually stopped to minimize 
decomposition to occur, and the expected product 4.41d was isolated in 40% yield. Surprisingly, 
the reactive acetophenone-derived TMS silyenolate 4.40e was also able to afford the regioisomer 
4.41e in 53% isolated yield in 22 h. Lastly, stereoenriched secondary alcohol 4.40f was selected 
as nucleophile in order to support our initial hypothesis regarding atropisomerism, however, this 
was not successful. Proposed explanation and the related data associated to this anticipated 
atropisomerism and axial chirality will be discussed further later in this chapter. Nevertheless, the 
nucleophilic addition using alcohol 4.40f resulted a mixture of inseparable enantiomers 4.41f in 
68% yield in 119 h reaction time. The mixtures were indicated in the presence of two sets of peaks 










Table 4.3 Scope of heteroatom-containing nucleophiles  
 
[a]Isolated yield after flash column chromatography. [b]Starting material 4.22 was never fully 















































































4.7 Screening to Evaluate a-Substituent Effects  
 Since the a-phenyl substituent in 4.22 fruitfully afforded the a-phenyl-a’-indolyl enamide 
4.38 in a single regioisomer, screening of different a-substituents to study these side chain effects 
towards the nucleophilic addition was ultimately ensued. As mentioned in the synthesis of our 
enamide starting material, varying the Grignard reagent successfully installed different substituent 
at the a-position to give a-hydroxy enamide starting materials 4.29a-4.29i (Table 4.4). Similar to 
phenyl, indole addition to the weakly activating tolyl substituent furnished the enamide adduct 
4.42a in 79% in less than 24 h. Chlorinated aryl ring side chain remarkably afforded the desired 
product 4.42b in 83% although it required a longer time to complete the reaction. As expected, 
strongly deactivating group 3,5-bis(trifluoromethyl)phenyl failed to produce the wanted product 
4.42c even upon heating in gentle reflux, and the starting alcohol 4.29c was remained unionizable. 
This result indirectly supported our hypothesis on the involvement of 2-amidoallyl cations, as 
formation of such intermediates would be naturally disfavored by strongly deactivated aryl 
substituents. Sulfur-containing aromatic heterocycle 4.29d was also found to be compatible with 
our ionization conditions to readily afford a-thiophene-a’-indolyl enamide 4.42d in 58% yield.  
 The following substituent screening was accomplished by using various aliphatic side 
chains and these were then subjected to the same reaction conditions. For example, exposure of 
starting materials bearing methyl furnished enamide 4.42e in 74% in 24 h, while a-allyl-a’-indolyl 
enamide 4.42f was isolated in 63% after 70 h of stirring. A longer alkyl chain as in octyl or a bulky 
isobutyl groups were also successfully produced the corresponding enamides 4.42g and 4.42h in 
63% and 72% yields, respectively. Lastly, the unsubstituted starting material 4.29i that was 
achieved from DIBAL reduction of the starting ketone 4.28 was interestingly failed to react with 
our reaction conditions. This result suggested the vital role of a-substituents to generate the 
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putative 2-amidoallyl cations that must be stabilized via either resonance or inductive effects. 
Moreover, the lack of reactivity involving substrate 4.29i also clearly indicated that SN2’ 
mechanism was unlikely to be responsible in this chemistry.  
 
Table 4.4 Scope of a-substituent   
 
[a]Presumed solid-state conformation of starting materials based on X-ray crystallography data 
from a-hydroxy enamide 4.22 and 4.29c. [b]Isolated yield after flash column chromatography. [c]No 
reaction was observed even upon heating the reaction mixture.  
 
 
74% (24 h) 63% (70 h)
63% (28 h) no reaction


























































4.8 Extension Approach by Using Different N-Substituted-N-Tosyl Starting Materials  
 The extension suitability of this methodology was further demonstrated in Scheme 4.7, in 
which we used different N-substituent beyond methyl group. In eq. 1, the N-benzyl-N-tosyl starting 
material was examined through the use of a-phenyl enamide 4.43a and a-methyl enamide 4.43b. 
Using the same catalytic reaction conditions, the reactions between these substrates with indole 
resulted a’-indolyl enamide adducts 4.44a and 4.44b as a single regioisomer in good yields. The 
conformation was also deduced by X-ray structure of compound 4.44a. Similarly, an unpublished 
result on an attempt to activate N-allyl-N-tosyl substituents using stoichiometric amounts of 
pyridinium triflate also afforded a-phenyl-a’-indolyl product 4.46a and a-methyl-a’-indolyl 
enamide 4.46b as a single regioisomer in fair yields (eq. 2).   
      
 
















4.43a (R = Ph)


















4.45a (R = Ph)























Additionally, a separate trial to use the non-methylated N-tosyl group as in 4.47 also 
displayed the selectivity of our chemistry as showcased by the furnished a-phenyl-a’-indolyl 
enamide 4.48 in good yield (eq. 3). This result was interesting due to the challenge to install the 
a-substituent and the instability of this starting material to isomerize to the corresponding imine. 
Further reaction optimization towards these systems are indispensable in order to achieve a better 
isolated yields, as well as to solve the starting material instability problem. Nevertheless, these 
currently unpublished results of utilizing N-allyl and N-H enamide demonstrated the feasibility of 
our five-membered 2-amidoallyl cation chemistry.   
Ultimately, a trial to apply our reaction conditions towards a larger ring system, as in the 
expected six-membered indolyl 4.53 was unfortunately unsuccessful (Scheme 4.8). Similar to the 
five-membered substrates, a-phenyl-a-hydroxy enamide 4.52 was prepared from commercially 
available cyclohexene 4.49. Subjection of this a-phenyl substituted starting material 4.52 to our 
catalytic pyridinium triflate and indole did not result in the nucleophilic addition. Starting material 
remained unreactive upon ionization and the reasons are remained unclear. In their recent report 
in 2016, MacMillan and coworkers also reported similar reactivity of five-membered vs six-
membered ketones involved in their oxyallyl cations enantioselective activation methodology.207 
However, further studies are definitely worth to pursue in this larger ring system of 2-amidoallyl 
cations because Josh Malone and Alex Cleveland were recently published results on solvent and 




Scheme 4.8 Attempts towards six-membered activation  
 
4.9 Stereochemistry and Proposed Axial Chirality 
  Having a crystal structure of the product in our optimization studies, as well as from our 
nucleophiles screening in Table 4.2-4.3 and substituent screening in Table 4.4, it was certain that 
in all cases, the enamides 4.39a-4.39g, 4.41a-4.41f, and 4.42a-4.42i were furnished in a single 
diastereomer. Fruitfully, most of these enamide adducts also appeared as crystalline materials, 
which facilitating us to unambiguously confirm their chemical structures using X-ray 
crystallography. More of the X-ray structures of compounds 4.22, 4.29c, 4.38, 4.39a, 4.39g, 4.41b, 
4.41c, 4.41e, 4.42a, 4.42b, 4.42d, 4.42e, 4.42g, and 4.44a can be found in Chapter Six. Based on 
the x-ray structures observation, these a,a’-disubstituted enamides appeared to exhibit a specific 
axial conformation in the solid state, in which the newly incorporated nucleophiles at the a’-carbon 
was oriented to the same direction with the N-methyl group. 
 With the positive conformation results on the solid state, attempts to deduce the 
conformation of our a,a’-disubstituted enamides products were also performed in solution using 
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to see correlation between Ha and N-methyl group in NOE experiment. Unfortunately, this was 
not the case. While results from 1D NOE experiments using representative compound 4.38, 4.39f, 
4.42a, and 4.42d were ambiguous due to overlapping signals, similar 1D NOE analyses of 
compounds 4.42b, 4.42e, 4.42f, 4.42g, 4.42h, and 4.44a potentially indicated a population of the 
two possible conformations as a result of bond rotation along the enamides’ C-N axis. For example, 
Figure 4.4 displayed the 1D NOE spectra of compound 4.38, whereas the remaining spectra for 
other compounds are detailed in Appendix. Nonetheless, determination of atropisomerism in 
compounds 4.38, 4.42e, and 4.44a using variable temperature NMR experiments proved to be 
inconclusive. While the coalescence temperature for compounds 4.38 and 4.42e was not detected 
between -60 to 90 ºC, the bond rotation that led to coalesced NMR signals in compound 4.44a was 
unclear (see Appendix B). Therefore, we ruled out the possibility of atropisomerism in our system 
until further studies can prove otherwise.  
 
	






















4.10 Conclusion   
 Based on the studies explained in this chapter, we were able to activate the underexplored 
and problematic five-membered 2-aminoallyl cation intermediate by a simple modification to the 
system by adding two balancing groups at the nitrogen center and transformed it into 2-amidoallyl 
cation. The ionization using catalytic amount of pyridinium triflate was relatively mild and 
tolerable with various substituted indoles, as well as heteroatom nucleophiles. Our screening with 
multiple a-substituents demonstrated the importance of substituent to promote the activation for 
further intermolecular nucleophilic attack. The supposed to be axial chirality was remained 
unclear, however, the regioselectivity of these reactions was determined via x-ray crystallography 
and NMR studies. Nevertheless, this study demonstrated the synthetic utility of 2-amidoallyl 




















 The purpose of this chapter is to describe our extension approach to activate the formation 
of 2-amidoallyl cations using chiral catalyst in order to achieve enantioselective nucleophilic 
addition at the beta position. It comprises a brief explanation regarding the concept of asymmetric 
catalysis using chiral Brønsted acids. A detail reaction optimization studies supporting the 
unprecedented beta functionalization, along with the adducts from indoles screening and a-
substituents screening are presented. The proposed reaction mechanism as well as the 
stereochemistry confirmation are included. Moreover, the syntheses of the chiral catalysts being 
used are also described.  
5.2 Introduction to Asymmetric Catalysis 
 Ever since the first report of asymmetric catalyst and the relationship discovery between 
pharmacological activity and molecular chirality in the 1960s,208-209 chiral compounds and their 
syntheses have emerged as an extremely interesting paradigm. Since then, asymmetric catalysis or 
also known as enantioselective catalysis has been quite a revolutionary in organic synthetic 
community.208-212 Asymmetric catalysis is a type of catalysis where one or more new elements of 
chirality are formed from a previously achiral substrate, in a manner that the final compound favors 
one particular stereoisomer, either enantiomer or diastereomer.213 This type of reaction usually 
requires chiral catalyst that is not consumed in the process, therefore it may be used in a 
substoichiometric quantity, which potentially improving efficiency and avoiding waste. Overall, 
practical asymmetric synthesis requires high stereoselectivity, high rate and productivity, atom 
economy, cost efficiency, operational simplicity, environmental friendliness, and low-energy 
consumption.208      
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 To date, the known asymmetric syntheses generally used either enzymes, transition metal 
complexes, or organocatalysts; small organic molecules in absence of transition metal. However, 
the field of asymmetric organocatalysis has been rapidly developing and growing in such that 
numerous research groups has begun to focus on this area for over the past few decades. Most but 
not all organocatalysts can be broadly classified as Lewis bases, Lewis acids, Brønsted bases, and 
Brønsted acids.214 However, in concurrence of our group interest in Brønsted acids catalysis, this 
would be the one discussed in this chapter.    
 5.2.1 Chiral Brønsted Acid in Organic Transformations 
As illustrated in Figure 5.1, Brønsted acid catalysis can be divided into two main 
approaches.215 Conventionally (Figure 5.1a), activation of the substrate with Brønsted acid (HA) 
that have a “proton-like” character would effectively generate an unstable and highly reactive 
cationic intermediates (Subs-H+), while there would be a little or no interaction with the conjugate 
base (A-). It is expected that the uncoordinatable conjugate base would not have any effect in the 
selective formation of products, such as in stereo- and regioselective transformations, and would 
only influence the catalytic activity.215 Meanwhile, chiral Brønsted acid (HA*) is known as a chiral 
organic molecule bearing an acidic functionality and it was developed to obtain an enantioenriched 
products.215-220 Opposite to the conventional approach, substrate activation using chiral Brønsted 
acid (HA*) would rely on the hydrogen bonding interaction between a protonated substrate (Subs-
H+) and the chiral conjugate base (A-) (Figure 5.1b). Therefore, the reaction occurs under a chiral 
environment created by the chiral conjugate base (A-) that exists in the vicinity of the substrate 
through hydrogen bonding interaction.215 This chiral “pocket” is the key to obtain a final product 
with high selectivity. Additionally, these hydrogen bonding and ion pairing are crucially 




Figure 5.1 Brønsted acid catalysis in organic reactions  
  
5.2.2 BINOL-Derived Chiral Phosphoric Acids 
There are numerous types of currently known chiral Brønsted acids, for example ureas, 
thioureas, lactams, cinchona alkaloids, phosphoric acids, etc. However, the focus of this chapter 
would be the BINOL-derived phosphate and the common organizational interactions of this 
molecule is exemplified in Figure 5.2.215-224 These BINOL derivatives have a rigid core framework 
that acts as the chiral sources to the structure because of its axial chirality with C2-symmetry. The 
binaphthols enantiomers are both commercially available and copious protocols to introduce the 
substituents (R) at the 3,3’-positions have been reported to date. Subtle scaffold modifications by 
adding predominantly bulky substituents at positions 3 and 3’ introduce the steric and electronic 
properties that provide a chiral environment for enantioselective transformation due to their role 
in creating a specific substrate recognition site. These conformational constrains from steric 















HA: Brønsted acid, A⊖: uncoordinatable conjugate base








Figure 5.2 Common organizational features in BINOL derived phosphate 
 
 In addition to the stereoelectronic effects from the 3,3’-substituents, the substrate 
recognition site that was created then could generate an acid/base bifunctional chiral phosphoric 
acid catalysts though hydrogen bonding or ion pairing. The phosphoryl Brønsted basic site (X) 
acts as a hydrogen bonding acceptor and is sometimes essential for gaining high stereoselectivity. 
Meanwhile, the acidic functionality on the Brønsted acid site (Y) would help the activation through 
ion pairing. In BINOL-derived phosphoric acids, this acidic functionality is still available although 
the ring structure is introduced. This ring system prevents free rotation at the a-position of the 
phosphorus center. Moreover, organic synthetic chemists are successfully improving the 
counteranion stabilization by modifying the YZ site to increase the acidity, for example by using 
amidimates.225 Overall, phosphoric acids are expected to capture electrophilic component through 
hydrogen bonding interactions without the formation of loose ion-pairs due to their relatively 
strong but appropriate acidity.215 A more detailed reviews regarding hydrogen bonding or ion 
















X = O, S
Y = O, N








5.3 Our Hypothesis on Beta Functionalization   
 Previously in Chapter Four, we have successfully developed a new synthetic methodology 
to functionalize enamides at the a’-position.203 This regioselective functionalization emerged with 
the activation of a-hydroxy-a-substituents 5.1 to form five-membered ring 2-amidoallyl cations 
5.2 (Scheme 5.1). Further nucleophilic trapping of these reactive intermediates with various 
substituted indoles or heteroatom-containing nucleophiles afforded a,a’-substituted enamides 5.3 
in a regioselective manner and high isolated yields. These functionalization was achieved by the 
use of catalytic amount of mild Brønsted acid, pyridinium triflate, in room temperature.  
 
 









































































 With success on this regioselective functionalization using non-chiral Brønsted acid, we 
simultaneously aspired to extent our 2-amidoally cations chemistry toward its enantioselective 
functionalization.227 Also in Scheme 5.1, we hypothesized that by ionizing the same a-hydroxy-
a-substituent 5.1 using chiral Brønsted acid, the planar 2-amidoallyl cations 5.4 would form 
hydrogen bonding with the bulky chiral Brønsted acid and nucleophile at the top face, and the 
nucleophile could then attack the a’-position to furnish a,a’-disubstituted enamide adduct 5.5. 
This a’-functionalization was expected to be the opposite enantiomer of the enamide adduct 5.3. 
However, we could not rule out the possible tautomerization of 2-amidoallyl cations 5.4 to cationic 
intermediates 5.6 through proton transfer, which could happen due to steric and electronic effects 
of the bulky chiral Brønsted acid. In this case, the nucleophile would then attack the less hindered 
b-position adjacent to the a-substituent to produce a,b-disubstituted enamide  5.7.       
5.4 Reaction Optimization Studies  
 As mentioned earlier in this chapter, numerous chiral catalysts are commercially available, 
therefore we narrowed down our investigation using seven BINOL-derived and one VAPOL-
derived chiral phosphoric acid 5.8a-5.8g and sulfonamide 5.8h (Figure 5.3). Using the same 
pathway to synthesize the enamide starting compounds as applied in Chapter Four, we began our 
studies using a-hydroxy-a-methyl enamide 5.9. A former postdoc fellow in our lab, Nitin Dange, 
initiated the study by subjecting enamide 5.9 to a series of reaction with 2.0 equivalents of indole 
as nucleophile and 10 mol% of the catalyst in 0.2 M concentration based on the starting material 
in room temperature (Table 5.1). He first screened the eight catalysts in toluene (entries 1-8) and 
discovered that all reactions, as we hypothesized, resulted in a mixture of indole addition products 
(+)-5.11 and 5.12 in variable isolated yields. Five of the phosphoric acids (5.8a-5.8e) yielded 
moderate product ratios and poor enantioselectivity of the kinetically more favorable indolyl (+)-
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5.11 (entries 1-5). Meanwhile, there was no reaction observed for the reactions with catalyst 5.8f 
and 5.8g even after stirring for 168 h (entries 6-7). Lastly, the use of sulfonamide 5.8g (entry 8) 
was able to complete the reaction in only 1 h with 70% yield, however, with low selectivity of the 
products formation. Similar to our methodology explained in Chapter Four, this asymmetric b-
functionalization reaction was also easily monitored through TLC and the products were isolated 
using silica-gel column chromatography. 
 
 
Figure 5.3 Chiral Brønsted acids screened for optimization studies  
 
Eventually, Nitin proceeded to optimize the reaction with a widely used (R)-TRIP catalyst 
5.8c due to its results to give 5.7:1 regioselectivity with 52:48 enantiomeric ratio. As stated earlier 
in this chapter, asymmetric catalysis reactions known to be best executed in non-polar solvent, 
thus he then screened various non polar solvents (entries 9-12). Attempts on using another toluene 
derivative solvents, such as o-xylene, m-xylene, p-xylene, and trifluorotoluene failed to increase 
the enantioselectivity, despite of the isolated yield increment (entry 9). A trial using mesitylene 
(entry 10) was able to increase the product ratios, however, with lower isolated yield and longer 
reaction time. Meanwhile, reactions using benzene, fluorobenzene, chlorobenzene, and TBME 
(entry 11) were only slightly increased the enantioselectivity. Lastly, a mixture of 1:3 of toluene 


































Table 5.1 Initial Reaction Optimization Studies  
 
[a]Ratio of the products based on 1H NMR. [b]Enantiomeric ratio based on HPLC analyses using 
chiral column. [c]Isolated yield after flash column chromatography. [d]A trial with (S)-5.8c resulted 
the same products with similar ratio, er, and % yield. [e]m-xylene, p-xylene, and trifluorotoluene 
gave similar results as o-xylene. [f]Fluorobenzene, chlorobenzene, and TBME yielded lower % 
yields than benzene. [g]1.0 equivalent of indole was employed. [h]Inseparable mixture of hydrolysis 
product over the desired product was observed.   
  
As expected, the use of polar solvents (entries 13-16) was unsuccessful to push the reaction 
to occur, which was indicated by the unreacted enamide precursor 5.9 after stirring for 168 h. 
indole (2.0 equiv.)
solvent (0.2 M)
4Å MS, room temp.
5.8 (10 mol%)
Entry ChiralBrønsted acid Solvent Yield











5.8a Toluene 48 1.9:1 53:47 44%
5.8b Toluene 48 3.2:1 53:47 67%
5.8c Toluene 48 5.7:1 52:48 51%[d]
5.8d Toluene 15 4.9:1 60:40 70%
Toluene 48 2.5:1 50:50 52%5.8e
5.8f Toluene 168 - - n.r.
5.8g Toluene 168 - - n.r.
5.8h Toluene 1 2.3:1 50:50 70%
5.8c o-xylene 48 4.9:1 59:41 74%[e]
5.8c Mesitylene 120 10:1 59:41 48%




Toluene:Hx (1:3) 48 4.9:1 59:41 67%
20
5.8c
IPA:tBuOH (1:1) 168 - - n.r.
21
5.8c
24 10:1 58:42 74%19 5.8c
CH2Cl2 (0.5 M)[g] 20 9:1 50:50 61%
CH2Cl2 (no 4Å MS)[g] 24 3:1 52:48 46%
[h]
CH2Cl2[g]
DCE 24 4.6:1 50:50 61%17 5.8c
24 9:1 50:50 62%18 5.8c CH2Cl2
168 - - n.r.14 5.8c THF
168 - - n.r.15 5.8c EtOAc






























Ultimately, knowing that the activation occurred better in a non-polar solvent, I continued on the 
optimization studies using chlorinated solvent, i.e. dichloroethane (DCE), as shown in entry 17. 
This reaction was completed in 24 h in 4.6:1 products ratio, although without enantioselectivity. 
Meanwhile, an attempt to run the reaction in CH2Cl2 (entry 18) was effectively able to complete 
the formation of 62% isolated products (+)-5.11 and 5.12 with 9:1 ratio in 24 h, although still 
without enantioselectivity. Decreasing the amount of indole to 1.0 equivalent (entry 19) eventually 
led to a better regioselectivity (10:1), a higher isolated yield (74%), and slightly better 
enantioselectivity (58:42). The importance of 4Å molecular sieves was implied by the dropping 
results, such as lower product ratios and lower isolated yield, which was obviously contaminated 
by inseparable hydrolysis product 5.13 (Figure 5.4). This indicated that the addition of 4Å 
molecular sieves were needed to trap the water molecule being released upon ionization of starting 
alcohol 5.9. Finally, one last trial in this initial studies was by conducting the reaction in a more 
concentrated solution in order to push the reaction to complete in less time. As shown in entry 21, 
the reaction was indeed completed faster in good ratios, however, in lower isolated yield and no 
enantioselectivity.        
   
 
Figure 5.4 Possible hydrolysis product 5.13 
 
 Realizing that CH2Cl2 enhanced the yield and ratios of b- vs a’-functionalized products 












product (+)-5.11. I then performed another series of optimization studies as shown in Table 5.2. 
Similarly, in the presence of 4Å molecular sieves, I started the re-optimization studies by treating 
alcohol 5.9 with 1.0 equivalent of indole in 0.2 M CH2Cl2, and 10 mol% of each of the eight 
catalysts (entries 1-8) listed in Figure 5.3, respectively. Surprisingly, all catalysts were effective to 
activate the reactions at room temperature in good yields and lower reaction time, in comparison 
with those in toluene (Table 5.1).  
From these catalysts screening, BINOL-derived (R)-catalyst containing a bulky 
phenanthrenyl group, catalyst 5.8d displayed the best product (+)-5.11 enantioselectivity in 79:21 
er with reaction time in only 15 h and 70% isolated yield (entry 4). Despite the ratio of b- vs a’-
functionalization adducts (+)-5.11 and 5.12 was in  4.3:1, the significant improvement of  
enantiomeric ratio from 58:42 to 79:21 motivated us to further optimize the reaction condition 
using catalyst 5.8d. The following solvent screening was limited to non-polar solvents, in which 
the screening commenced with benzene and its derivatives (entries 9-14). All solvents fruitfully 
completed the reactions in less than 24 h with similar product ratios and enantiomeric ratios, 
although with lower yield than CH2Cl2. An exception was certain for toluene (entry 11) where the 
reaction gave better product ratios in 6.1:1 rr and 72:28 er. However, this reaction resulted in a 
much lower isolated yield of 44%, therefore we disregarded this particular solvent.    
  Up to this point, the best reaction condition was one that used CH2Cl2 as solvent (entry 4), 
therefore the study was continued on using other chlorinated solvents, such as CCl4, CHCl3, and 
DCE (entries 19-21). However, CCl4 was unfruitful to furnish a better isolated yield and er, with 
only 2:1 rr. Meanwhile, CHCl3 was surprisingly able to produce 5.7:1 product ratio and 71:29 er 
in 84% isolated yield. Interestingly, the use of DCE as solvent afforded 76% of the addition 
products in 4.3:1 rr and also showed a remarkable increasing enantioselectivity to 88:12 er. 
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Table 5.2 Second Reaction Optimization Studies  
 
[a]Ratio of the products based on 1H NMR. [b]Enantiomeric ratio based on HPLC analyses using 
chiral column. [c]Isolated yield after flash column chromatography. [d]The catalyst 5.8d was not 


















































5.8a 40 3:1 52:48 76%
5.8b 42 4.3:1 53:47 53%
5.8c 24 4.3:1 58:42 74%
5.8d 15 4.3:1 79:21 70%
24 5.3:1 48:52 74%5.8e
5.8f 40 5.7:1 52:48 76%
5.8g 40 5.7:1 56:44 63%
5.8h 20 2.3:1 47:53 68%
5.8d
toluene 15 6.1:1 72:28 44%
5.8d
xylene 20 5.3:1 67:33 50%
11 5.8d




m-xylene 16 3.5:1 70:30 62%
19
benzene 15 4.9:1 69:31 58%
5.8d
15 5.7:1 71:29 84%20 5.8d
16 2:1 64:36 46%
CHCl3
16 3.5:1 73:27 58%18 5.8d
15 4.3:1 88:12 76%21 5.8d DCE
15 3.6:1 75:25 71%
14 5.8d
fluorobenzene
41 4.3:1 71:29 26%15 5.8d TBME[d]

























5.8d22 14 6.7:1 74%4 °CDCE 92:8
5.8d23 63 7.3:1 68%-10 °CDCE 93:7
5.8d24 19 5.7:1 82%rtDCE (0.1 M) 90:10
5.8d25 46 5.7:1 65%4 °CDCE (0.1 M) 92:8
5.8d26 48 8:1 77%-10 °CDCE (0.1 M) 94:6
5.8d27 19 5.7:1 64%rtDCE (0.05 M) 84:16
5.8d28 46 13.3:1 65%4 °CDCE (0.05 M) 92:8
5.8d29 65 13.3:1 73%-10 °CDCE (0.05 M) 94:6




With good results of the reactions in DCE, further screening to achieve higher enantiomeric 
ratio was carried out using DCE as solvent. Lowering the reaction temperature to 4 °C and -10 °C 
(entries 22-23) were significantly improved the product ratios as well as the enantiomeric ratios to 
92:8 and 93:7, respectively, despite a slight decreasing of the isolated yield and longer time 
completion, mainly for the reaction at -10 °C (entry 23). From these results, we learned that a 
colder reaction temperature was essential to control the enantioselectivity.    
Subsequently, we then screened various concentrations, especially to a lower reaction 
concentration according to the results in our initial attempt in Table 5.1 entry 21. Lowering the 
reaction concentration to 0.1 M and 0.05 M (entries 24-29) in three different temperature 
successfully furnished b-indolyl (+)-5.11 as 94:6 er when the reaction was performed at -10 °C. 
Eventually, based on the reaction time completion between 0.1 M and 0.05 M, the optimal reaction 
conditions for our asymmetric nucleophilic addition were determined as follows: 1.0 equivalent of 
indole with 10 mol% of catalyst 5.8d in the presence of 4Å molecular sieves in DCE (0.1 M 
concentration based on starting enamide 5.9) at -10 °C. The importance of 4Å molecular sieves 
addition was once again showcased in entry 30, in which the nucleophilic addition products were 
isolated in 1:2.2 mixture with the undesirable hydrolysis product 5.13.  
   
5.5 Reaction Compatibility with Various Substituted Indoles 
 Having established the optimal reaction conditions, multiple substituted indoles as 
different nucleophiles were then screened to examine our reaction compatibility. As displayed in 
Table 5.3, investigation of the electronic requirements or steric effects of the nucleophiles were 
depicted, which mostly resulted in excellent regioselectivity of b- vs a’-functionalized enamide 
adducts (+)-5.15 and 5.16. Additionally, Table 5.3 showcased the results of using not only reaction 
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conditions A (with catalyst 5.8d) to achieve the enantioenriched adducts, but also reaction 
conditions B (with catalyst 5.8c) that gave racemic products for comparison.  
The use of electron-rich indole, such as 5-methoxy-indole 5.14a, readily afforded the b-
functionalized enamide (+)-5.15a in 64% yield and 94:6 er of the major product after stirring for 
117 h (entry 1). Similarly, halogen-containing indole 5-bromo-indole 5.14b furnished the coupling 
products in 70% yield in only 42 h, with 97:3 er of the major b-indolyl enamide (+)-5.15b (entry 
2). Interestingly, both of these entries resulted in an excellent regioselectivity with >20:1 rr, unlike 
the result with regular indole. A gram-scale reaction using the same halogenated indole was able 
to produce compound (+)-5.15b in xx% yield with similar excellent enatioselectivity. These results 
demonstrated the possibility to scale-up this direct nucleophilic addition protocol in order to 
provide more compound availability for biological screening and/or further functionalization of 
the enamide adducts. Moreover, an electron-deficient indole, such as methyl indole-5-carboxylate 
5.14c, showed to be compatible with this reaction conditions to afford b-functionalized adduct (+)-
5.15c as the major product in 61% yield and 97:3 er with prolonged reaction time (entry 3), with 
a little decrease of the regioselectivity to 13.3:1 rr.  
 Likewise, 5-nitro-indole 5.14d and 4-cyano-indole 5.14e also tolerated our protocol to 
yield the b-indolyl adducts (+)-5.15d and (+)-5.15e in 71% and 72% yields, respectively, with the 
same 96:4 er (entries 4-5). Meanwhile, the use of bulky benzo[g]indole 5.14f (entry 6) indicated 
an excellent 91:9 er despite a substantial drop in regioselectivity to 2.3:1 of b- vs a’-functionalized 
enamides (+)-5.15f and 5.16f. This particular indole required the reaction to complete in 161 h 





Table 5.3 Scope of Substituted Indoles 
 
indole 5.14 (1.0 equiv.)
Cond. A: 5.8d, DCE (0.1 M)
                4Å MS, -10 °C
Cond. B: 5.8c, CH2Cl2 (0.2 M)
                4Å MS, room temp.

















Cond. A: 64% (117 h)[d]
                 >20:1 rr, 94:6 er
Cond. B: 74% (24 h)

























Cond. A: 70% (42 h)
                >20:1 rr, 97:3 er
                xx% (xxh)[e]
                     xx:1 rr, xx;xx er
Cond. B: 85% (24 h)
                10:1 rr, 55:45 er
Cond. A: 71% (42 h)
                >20:1 rr, 96:4 er
Cond. B: 66% (41 h)
                4.9:1 rr, 54:46 er
Cond. A: 61% (140 h)
                13.3:1 rr, 97:3 er
Cond. B: 52% (113 h)
































Table 5.3 Scope of Substituted Indoles Continued 
 
[a]Isolated yield after column chromatography. [b]Products ratio based on 1H NMR. [c]er based on 
HPLC analyses using chiral column. [d]The starting material was not fully consumed. [e]Reaction 
was performed in one-gram scale. [f]Unknown elimination product was isolated separately.  
N
Cond. A: 59% (161 h)
                2.3:1 rr, 91:9 er
Cond. B: 46% (118 h)






Cond. A: 72% (114 h)
                >20:1 rr, 96:4 er
Cond. B: 47% (48 h)






Cond. A: 64% (50 h)
                >20:1 rr, 68:32 er
Cond. B: 74% (25 h)







Cond. A: 18% (138 h)[f]
                >20:1 rr, 78:22 er
Cond. B: 15% (24 h)




























Cond. A: 16% (164 h)[f]
                >20:1 rr, 69:31 er
Cond. B: 3% (65 h)












Interestingly, the employment of steric 2-phenyl-indole 5.14g furnished a regioselective 
product (+)-5.15g in 64% yield with a decrease in enantioselecivity to 68:32 er (entry 7), indicating 
that steric effects played a role for the nucleophile to attack to the 2-amidoallyl cation intermediates 
5.10. Lastly, treatment of a-hydroxy enamide 5.9 with N-protected indoles 5.14h and 5.14i 
displayed an extreme decrease of isolated adducts (+)-5.15h and (+)-5.15i to 18% and 16% yields 
with enantioselectivity plummeted to 78:22 and 69:31 er, respectively. Both reactions were 
completed with a full consumption of the starting compound 5.9, however, a major elimination 
product was also isolated in a greater amount than the desired addition product (+)-5.15h and (+)-
5.15i. Unfortunately, the precise structure of this unwanted elimination product was remained 
unclear. Nevertheless, these results suggested that the free hydrogen in indole was necessary to 
form hydrogen bonding with the chiral acid in order to trap the putative 2-amidoallyl cation 
intermediates 5.10.  
5.6 Scope of Alkyl and Aryl a-Substituents 
 With tremendous results in both regioselectivity and enantioselectivity that we achieved 
using various substituted indoles as presented in Table 5.3, we then continued on our study to 
determine the effects of the substituent at the a-position beyond methyl group. Obviously, phenyl 
substituent was selected in expectation of resonance stabilization from the aromatic ring. To our 
surprise, phenyl substituted enamide 5.17 did not show any transformation using our previous 
reaction conditions, even after letting it stir at -10 °C for 168 h (Table 5.4, entry 1). This indirectly 
suggested us to re-optimize our method, especially the reaction temperature. Ultimately, when the 
reaction was performed at room temperature, a-hydroxy-a-phenyl 5.17 could form the putative 2-
amidoallyl cation 5.18, which then captured by indole to furnish 49% of a mixture of b-indolyl 
(+)-5.19 and a’-indolyl 5.20 in 2:1 rr and 86:14 er of the major product (+)-5.19 (entry 2).  
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Table 5.4 Optimization Studies using a-Hydroxy-a-Phenyl 5.17    
 
[a]Products ratio based on 1H NMR. [b]er based on HPLC analyses using chiral column. [c]Isolated 
yield after column chromatography. 
 
The poor regioselectivity was still observed when the reaction was performed in a colder 
temperature, 4 °C, but with a much better enantioselectivity of 92:8 er and isolated yield of 63% 
(entry 3). Eventually, we expected to execute the reaction at the most possible colder temperature, 
-5 °C, hence entry 4 showed an increase in the regioselectivity to 4.3:1 rr and a slight increase of 
the enantiomeric ratio to 93:7, with 66% isolated yield. Lastly, an attempt to perform the reaction 
at less concentrated solution, 0.05 M (entry 5), indicated a better regioselectivity, 
enantioselectivity, and yield of 4.9:1 rr, 95:5 er, and 77%, respectively. These results were then 
chosen as the reaction conditions to further examine the scope of a-substituents. Additionally, it 
was fortunate that this a-phenyl-b-indolyl (+)-5.19 was in crystalline state, thus allowing us to 
deduce the absolute stereochemistry based on the x-ray crystallography (Figure 5.5). As expected, 
the orientation of the incoming indole nucleophile in the b-position was facing the same direction 











0.1 M -10 °C 168 - - no reaction
0.1 M room temp. 88 2:1 86:14 49%
0.1 M 4 °C 88 2:1 92:8 63%
0.1 M -5 °C 138 4.3:1 93:7 66%































acid, the tosylate group, and the free indole. A more detail explanation on the stereochemistry and 
proposed mechanism will be discussed later in this chapter.       
 Having the reaction conditions in hand, scope of substrates was then examined together 
with a colleague, Binod Nepal. These substrates were prepared using the same synthetic pathway 
of utilizing various Grignard reagents as in Chapter Four. We began with various a-aryl 
substituents as exemplified in Table 5.5. Similar to scope of indoles investigation, the racemic data 
as the results of using catalyst (R)-TRIP 5.8c are also presented as comparison. Subjection of a 
substrate bearing a weakly deactivating 4-tolyl substituent 5.21a to our optimized protocol 
successfully afforded 69% of the major product (+)-5.23a in only 89 h. This desired major product 
(+)-5.23a was isolated together with the minor product 5.24a in 5.7:1 rr and 95:5 er. Interestingly, 
treatment of halogen-containing substrates 4-chloro 5.21b and 4-fluoro 5.21c in the same reaction 
conditions unable to push the reaction to completion after stirring for more than a week. Therefore, 
0.3 equivalent of (R)-catalyst 5.8d was added to the reaction mixtures and both completed the 
reaction within 4 days in an excellent regioselectivity of >20:1 for the b- vs a’-addition adducts. 
Both b-indolyl enamides (+)-5.23b and (+)-5.23c were also indicated excellent enantioselectivity 
in 98:2 er with isolated yields of 64% and 71%, respectively.  
Finally, learning that a-phenyl-b-indolyl enamide (+)-5.19 appeared as crystalline 
material, an attempt to acquire another crystal structure to support the absolute stereochemistry 
determination was performed by subjecting a-hydroxy-a-phenyl precursor 5.17 with 5-bromo-
indole 5.14b with 0.1 equivalent of (R)-catalyst 5.8d. This fruitfully afforded crystalline a-phenyl-
b-indolyl enamide (+)-5.23d in 70% yield, 4:1 regioselectivity, and an excellent 95:5 
enantioselectivity, thus enabling us to further confirm the orientation of this enamide b-
functionalization adduct via x-ray crystallography (Figure 5.5). 
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Table 5.5 a-Aryl Substituted Scope of Substrates  
 
[a]Isolated yield after column chromatography. [b]Product ratios based on 1H NMR. [c]enantiomeric 





Cond. A: 5.8d, DCE (0.05 M), -5 °C
Cond. B: 5.8c, CH2Cl2 (0.2 M), room temp.










































Cond. A: 77% (233 h)
                4.9:1 rr, 95:5 er
Cond. B: 60% (20 h)
                4.3:1 rr, 52:48 er
Cond. A: 69% (89 h)
                5.7:1 rr, 95:5 er
Cond. B: 63% (20 h)
                4.6:1 rr, 54:46 er
Cond. A: 64% (91 h)[d]
                >20:1 rr, 98:2 er
Cond. B: 70% (50 h)
                2.3:1 rr, 54:46 er
Cond. A: 77% (98 h)[d]
                >20:1 rr, 98:2 er
Cond. B: 34% (144 h)
                1.5:1 rr, 55:45 er
Cond. A: 70% (65 h)
                4:1 rr, 95:5 er
Cond. B: 42% (45 h)














Figure 5.5 X-ray structures of enantioenriched enamides (+)-5.19 and (+)-5.23d 
 
Scope of substrates investigation was then proceeded with a-aliphatic substituents beyond 
methyl group. As demonstrated in Table 5.6, longer and/or bulkier alkyl side chains 5.25 were 
examined to observe the role of steric and inductive effects towards the formation of 2-amidoallyl 
cation 5.26 as the intermediate species to b-indolyl (+)-5.27 or a’-indolyl 5.28. Despite the 
outstanding regioselectivity, the employment of a-ethyl 5.25a, a-propyl 5.25b, and a-butyl 5.25c 
signified a deterioration in enantioselectivity to 89:11, 92:8, and 83:17 er of the major adducts (+)-
5.27a, (+)-5.27b, and (+)-5.27c, respectively. Fascinatingly, these a-long chain hydrocarbon b-
indolyl enamides were observed in an excellent regioselectivity and isolated yields. On the other 
hand, a-octyl 5.27d required 0.3 equivalent of catalyst 5.8d to accelerate the reaction completion 
with the same results of >20:1 rr and 89:11 er, although with a plummeting isolated yield to 45% 
adduct (+)-5.27d. A drop of isolated yield and enantioselectivity were also observed when bulky 
a-isobutyl 5.25e was subjected to our reaction conditions. Only 35% a-isobutyl-b-indolyl (+)-






Table 5.6 a-Alkyl Substituted Scope of Substrates  
 
[a]Isolated yield after column chromatography. [b]Products ratio based on 1H NMR. [c]er based on 
HPLC analyses using chiral column. [d]0.3 equivalent of catalyst 5.8d was employed. [e]Reaction 
was performed in 0.1 M concentration.  
 
indole (1.0 equiv.)
Cond. A: 5.8d, DCE (0.05 M), -5 °C
Cond. B: 5.8c, CH2Cl2 (0.2 M), room temp.








































Cond. A: 78% (89 h)
                >20:1 rr, 89:11 er
Cond. B: 20% (164 h)
                3.8:1 rr, 57:43 er
Cond. A: 82% (165 h)
                >20:1 rr, 92:8 er
Cond. B: 28% (65 h)
                >20:1 rr, 55:45 er
Cond. A: 54% (167 h)
                >20:1 rr, 83:17 er
Cond. B: xx% (xx h)
                >20:1 rr, 50:50 er
Cond. A: 45% (187 h)[d]
                >20:1 rr, 89:11 er
Cond. B: 43% (162 h)
                10:1 rr, 53:47 er
Cond. A: 35% (140 h)[e]
                >20:1 rr, 74:26 er
Cond. B: 32% (236 h)















Cond. A: 55% (258 h)[d]
                >20:1 rr, 86:14 er
Cond. B: 40% (184 h)








Lastly, conjugated system a-allyl 5.25f also required 0.3 equivalent of catalyst 5.8d to push 
the reaction to completion in 258 h with 55% of the enamide (+)-5.27f being isolated in >20:1 rr. 
Similarly, this entry also showcased a decrease in enantioselectivity to 86:14 er. Nevertheless, all 
of these a-substituents suggested our method applicability towards 2-amidoallyl cation activation 
for the unprecedented beta functionalization, although the steric effect played a major role for the 
enantioselectivity. A more detailed computational study is necessary to deduce the possible chiral 
pocket formation that could induce the steric effects from the a-substituents.      
5.7 Stereochemistry Determination and Proposed Reaction Pathway 
 As mentioned earlier in this chapter, the absolute stereochemistry of the b-functionalized 
enamide adducts was determined using x-ray crystallography, in which two of the products were 
in crystalline materials as shown by the x-ray structures in Figure 5.5. According to these crystal 
structures, the newly incorporated indole nucleophile was attached in b-carbon adjacent to the a-
phenyl substituent and the N-tosyl group was oriented in the same direction. These results were in 
contrary of those a-functionalized adducts explained in Chapter Four. However, these suggested 
the involvement of hydrogen bonding between the chiral catalyst, the sulfonamide substituent, and 
the incoming indole nucleophile as we expected in our hypothesis.  
Furthermore, this proposed absolute stereochemistry in solid state was also supported by 
NMR studies. Similar to what we implemented in Chapter Four, 1D NOE experiment was also 
anticipated to help us in determining the stereochemistry in solution. As elucidated in Figure 5.6, 
there was a strong correlation between Ha and the adjacent a-methyl substituent in enamide (+)-
5.11. As expected, there was also an obvious correlation between Ha with Hb and Hc from the 
indole, as well as a weak correlation of Ha and N-Me due to distance of both protons. Overall, 
these 1D NOE studies strongly supported the chemical structure of our b-functionalized enamide 
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adducts, in which the indole was incorporated in the b-position next to the a-substituent and facing 
to the same direction as the N-tosyl group.     
 
 
Figure 5.6 1D NOE experiment of enamide (+)-5.11 
 
 Based on the observations of our addition adducts as well as the stereochemistry 
interpretations, the reaction mechanism of our enamide b-functionalization is proposed as follows. 
As shown in Scheme 5.2, it commenced with protonation of the hydroxyl group at the starting 
enamide 5.1 with chiral phosporic acid to furnish the putative 2-amidoallyl cations 5.4. The 
hydrogen bonding that occurred between the chiral acid with the N-tosyl group and indole could 
first initiate indole to attack the closest a’-position as shown in planar drawing 5.4a to give the a’-
indolyl enamide adduct 5.5. However, due to the steric hindrance originated from the bulky chiral 
Ha 
Ha 















acid, this a’-addition became less favorable and resulted in the formation of a,a’-substituted 
enamide 5.5 as a minor product.     
  
 
Scheme 5.2 Proposed reaction pathway 
 
Due to the possible steric effect at the chiral pocket to interfere with the a’-indole addition, 
the putative 2-amidoallyl cation intermediates 5.4 then underwent tautomerization or proton 































































































indole attack to the b-position since the hydrogen bonding between chiral acid, N-tosyl group, and 
indole was presumably less crowded at the chiral environment, thus producing a major b-indolyl 
product 5.7. Furthermore, we cannot rule out a plausible resonance structure of cationic 
intermediates 5.6 to a,b-unsaturated iminium species 5.6b, in which similar aliphatic species was 
previously reported by Bandini and co-workers on their allenamides activation, also by using chiral 
phosphoric acid.228 Here, the ideal stereochemical environment was formed by tight contact ion 
pairs between the chiral anion and the a,b-unsaturated iminium species 5.6b. This ion pairing from 
the acidic site of the chiral acid, as well as the electronic effect of the bulky 3,3’-phenanthrenyl 
substituents through p-p interactions with the N-tosyl group then also resulted in the C-C bond 
formation of the major b-indolyl product 5.7.  
Moreover, the presumed imine 5.6b as one of the cationic intermediates was supported by 
the unknown elimination byproduct when protected indoles 5.14h and 5.14i were employed. These 
indoles caused the loss of the ion pairing with the chiral acids, thus produced an elimination 
product instead of nucleophilic attack. Lastly, this plausible hydrogen bonding or ion pairing 
interaction was unfortunately limited to various indole nucleophiles. Several attempts on 
subjecting heteroatom-containing nucleophiles, such as alcohols, thiophenol, and 2,4-dimethyl 
pyrrole were unsuccessful. Unfortunate results were also observed when six-membered variant 
was employed, in which the reaction did not occur and the starting material remained unreactive. 
Nonetheless, our protocol suggested a new approach on asymmetric catalysis of the underexplored 
five-membered ring 2-amidoallyl cations and also showcased a direct C-C bond formation via 





5.8 Syntheses of Chiral Phosphoric Acid Catalysts 5.8c and 5.8d 
 All of the eight catalysts used in the optimization studies were commercially available from 
Sigma Aldrich ranged from $200-$300 per 100 mg. However, large amount of catalysts (R)-5.8c 
and (R)-5.8d were eventually would be consumed, therefore we synthesized these two catalysts 
by following the known procedures. Firstly, (R)-TRIP 5.8c was synthesized together with former 
student, Jacob Stepherson, as shown in Scheme 5.3. The synthesis followed the procedure from 
Zhang group,229 in which Jacob began with protecting (R)-BINOL 5.29 with iodomethane to get 
methoxy BINOL 5.30. Lithiation of precursor ether 5.30 followed by bromine exchange resulted 
in bromo binaphthyl 5.31. This brominated biaryl 5.31 was then subjected to Suzuki coupling with 
a Grignard reagent in the presence of Ni(II) catalyst to install the triisopropyl phenyl group in 5.32. 
I then completed the synthesis by cleaving the methoxy group using BBr3 to give free diol 5.33 
and acidified this diol with POCl3 to give (R)-TRIP salt. After recrystallization with MeCN and 
few drops of H2O, catalyst 5.8c was then afforded as white powder and ready to use.230  
 
 













    Et2O, 25 °C
2. Br2












0 °C → 25 °C
1. POCl3










hot MeCN and H2O
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 Meanwhile, for the synthesis of phenanthrenyl-containing (R)-catalyst 5.8d, the 
preparation also began with (R)-BINOL 5.29. As displayed in Scheme 5.4, MOM protecting group 
was first installed to the diol to give MOM-protected (R)-BINOL 5.34.231 The ensuing steps 
followed the established steps by Gong and co-workers,232 in which the lithium-iodine exchange 
occurred to the resulted MOM-BINOL to give iodo aryl 5.34. This halogenated binaphthyl was 
then subjected to a Suzuki reaction with its boronic acid coupling partner 5.35 in the presence of 
Pd(0) catalyst to install the phenanthrenyl group 5.36. MOM group removal with 6 N HCl afforded 
free diol 5.37, which then treated with POCl3 in pyridine to furnish the phosphorous salt. This salt 
would then neutralize to get the desired phosphoric acid with HCl and white powder of acid 5.8d 
should be obtained upon recrystallization in hot CH2Cl2 and n-hexanes before it was ready to use. 
Nearly 2 g of this catalyst was able to gain.  
 
 













































5.9 Conclusion  
 This chapter showcases our research endeavors of utilizing chiral phosphoric acid as the 
catalyst to activate the formation of 2-amidoallyl cation intermediates from a-hydroxy-a-
substituted enamide precursors. The activation occurred in a way that the bulky anion from the 
catalyst induced hydrogen bonding with the putative planar cationic species and indole 
nucleophiles. The nucleophilic attack at the beta position furnished the unprecedented b-
functionalized enamide adducts in good yields with excellent regioselectivity and 
enantioselectivity. The relative and absolute stereochemistry of the indolyl products were deduced 
by using both x-ray crystallography and NMR studies. These currently unpublished data are still 


















CHAPTER SIX: EXPERIMENTALS 
 
6.1 General Information  
 All materials, unless otherwise stated, were purchased from commercial sources and 
utilized without further purification. Anhydrous reactions were conducted in oven-dried glassware, 
which was then cooled under vacuum and purged with nitrogen gas. CH2Cl2, toluene, MeCN, Et2O, 
and THF were filtered through activated 3Å molecular sieves under nitrogen in a solvent 
purification system. Reactions were monitored either by analytical thin-layer chromatography 
(TLC silica gel 60 F254, glass plates) and analyzed using 254 nm UV light and anisaldehyde-
sulfuric acid stain. Silica gel for column chromatography was purchased from Dynamic 
Adsorbents, Inc. or Sigma Aldrich (Flash Silica Gel 32-63u).   
All 1H and 13C NMR spectra were recorded in CDCl3 using a Bruker Ascend 400 
spectrometer operating at 400 MHz for 1H and 100 MHz for 13C or Bruker Ascend 500 
spectrometer operating at 500 MHz for 1H and 125 MHz for 13C. Chemical shifts (δ) are reported 
in ppm relative to residual CHCl3 as an internal reference (1H, 7.26 ppm; 13C, 77.00 ppm). 
Coupling constants (J) are reported in hertz (Hz). Peak multiplicity is indicated as follows: s 
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), x (septet), h (heptet), b (broad), and m 
(multiplet). FTIR spectra were recorded on Bruker Tensor 27 spectrometer and OPUS Data 
Collection Program, and absorption frequencies are reported in reciprocal centimeters (cm−1). 
HRMS-ESI analyses were performed by the LSU Mass Spectrometry Facility using an Agilent 
6210 Instrument. X-Ray structure analyses were performed by the LSU X-Ray Structure Facility 
using a Bruker APEX-II CCD diffractometer. GC studies were conducted on a Thermo Scientific 
Trace 1310 with sampler type AS 1310. The column used for this system was a Thermo Scientific 
TG-5MS 5% phenyl methyl siloxane (model number 26098-1420), which was 30 meters in length. 
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GC-MS analyses were performed on an Agilent Technologies 6890N Network GC System model 
number G1530N with 7683B series injector using an Agilent HP-5MS 5% phenyl methyl siloxane 
(model number 19091S-433) column, which was 30 meters in length. Both columns had an internal 
diameter of 250 μm. Oven, inlet, and detector temperatures were set to 250 °C, and helium was 
used as the inert carrier gas. Solvent delay was set to 3.50 minutes for each trial. Low and high 
mass readings were set to parameters of 40 to 800 m/z, respectively. HPLC analyses were carried 
out using Dionex Ultimate 3000 system on Chiralcel column (OD-H 0.46 cm x 25 cm) with 1 
mL/min flow rate for 60 to 120 min elution times, iPrOH in n-hexanes. Optical rotation was 
measured using Jasco-DIP-370 polarimeter.  
 
6.2 Experimental Procedures for Global Chlorination  




1,3-Anti diol 2.25 (55 mg, 0.15 mmol) was dissolved in CH2Cl2 (1.5 mL) and cooled to 0 
°C. Triphosgene (45 mg, 0.15 mmol) was then added in one portion, followed by pyridine (49 µL, 
0.60 mmol) via syringe. The solution was stirred for 5 min and then warmed to gentle reflux for 5 
hours. After cooling to room temperature, the reaction mixture was then poured into a separatory 
funnel containing aqueous HCl solution (1 M, 10 mL), and the biphasic mixture was shaken 
vigorously. Upon separation of layers, the aqueous layer was re-extracted with dichloromethane 
(2 × 15 mL). The combined organic layers were dried over Na2SO4 and concentrated under 







0 °C → reflux
141 
	
vacuum. The resulting crude material was purified using flash column chromatography with 1% 
Et3N buffered silica gel, and eluted with 100% n-hexanes to produce 1,3-anti dichloride 2.25a in 
80% yield as colorless oil (48 mg, 0.12 mmol). 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.36-7.21 
(m, 5H), 5.47 (t, J = 8.0 Hz, 1H), 4.47 (p, J = 8.0 Hz, 1H), 4.27 (p, J = 8.0 Hz, 1H), 4.03 (s, 2H), 
3.12 (dd, J = 16.0, 8.0 Hz, 1H), 3.03 (dd, J = 16.0, 8.0 Hz, 1H), 2.55-2.46 (m, 2H), 2.02-1.98 (m, 
2H), 1.60 (s, 3H), 0.92 (s, 9H), 0.06 (s, 6H). 13C NMR (100 MHz, CDCl3); δ(ppm) = 137.87, 
137.20, 129.36, 128.47, 126.93, 118.85, 68.04, 60.55, 60.04, 45.59, 45.04, 36.73, 25.94, 18.41, 
13.78, -5.27. IR (cm-1): f = 2954, 2928, 2855, 1252, 1109, 1072, 835, 775, 699. HRMS-ESI: (M-




1,3-Syn diol monosilylether 2.34 (38 mg, 0.08 mmol) was dissolved in CH2Cl2 (153 µL) 
and cooled to 0 °C. Triphosgene (23 mg, 0.08 mmol) was then added in one portion, followed by 
pyridine (25 µL, 0.31 mmol) via syringe. The solution was stirred for 5 min and then warmed to 
gentle reflux for 5 hours. After cooling to room temperature, the reaction mixture was then poured 
into a separatory funnel containing aqueous HCl solution (1 M, 10 mL), and the biphasic mixture 
was shaken vigorously. Upon separation of layers, the aqueous layer was re-extracted with 
dichloromethane (2 × 15 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The resulting crude material was purified using flash column 
chromatography with 1% Et3N buffered silica gel, and eluted with 100% n-hexanes and 98:2 n-
hexanes:EtOAc to produce 1,3-syn dichloride 2.34a in 93% yield as colorless oil (29 mg, 0.07 
OH OSiMe2Ph Cl Cl
Ph Ph
2.34 2.34a
OTBS OTBStriphosgene (1.0 equiv.)pyridine (4.0 equiv.)
CH2Cl2 (500 mM)
0 °C → reflux
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mmol). 1H NMR (400 MHz, CDCl3); δ(ppm) =7.39-7.24 (m, 5H), 5.50 (t, J = 8.0 Hz, 1H), 4.28 
(p, J = 8.0 Hz, 1H), 4.20 (p, J = 8.0 Hz, 1H), 4.04 (s, 2H), 3.15 (dd, J = 16.0, 8.0 Hz, 1H), 2.99 
(dd, J = 16.0, 8.0 Hz, 1H), 2.62-2.47 (m, 2H), 2.32-2.22 (m, 2H), 1.63 (s, 3H), 0.95 (s, 9H), 0.10 
(s, 6H). 13C NMR (100 MHz, CDCl3); δ(ppm) = 138.00, 137.24, 129.40, 128.46, 126.96, 118.47, 
68.06, 60.02, 59.20, 45.67, 44.05, 35.19, 25.94, 18.41, 13.79, -5.28. IR (cm-1): f = 2954, 2928, 
2856, 1253, 1111, 1072, 836, 776, 699. HRMS-ESI: (M+Na)+ = 423.1648 calculated for 
C21H34Cl2NaOSi, experimental = 423.1676. 
(±)-((2S,4S)-2,4,6-trichlorohexyl)benzene (2.36a) 
 
1,3,5-Anti triol 2.36 (37 mg, 0.18 mmol) was dissolved in CH2Cl2 (2.5 mL) and and cooled 
to 0 °C. Triphosgene (78 mg, 0.27 mmol) was then added in one portion, followed by pyridine (85 
µL, 1.05 mmol) via syringe. The solution was stirred for 5 min and then warmed to gentle reflux 
for 5 hours. After cooling to room temperature, the reaction mixture was then poured into a 
separatory funnel containing aqueous HCl solution (1 M, 10 mL), and the biphasic mixture was 
shaken vigorously. Upon separation of layers, the aqueous layer was re-extracted with 
dichloromethane (2 × 15 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The resulting crude material was purified using flash column 
chromatography with 1% Et3N buffered silica gel, and eluted with 100% n-hexanes to produce 
1,3,5-anti trichloride 2.36a in 75% yield as colorless oil (35 mg, 0.13 mmol). 1H NMR (400 MHz, 
CDCl3); δ (ppm) = 7.38-7.24 (m, 5H), 4.49 (p, J = 8.0 Hz, 2H), 3.79-3.70 (m, 2H), 3.18 (dd, J = 
12.0, 8.0 Hz, 1H), 3.07 (dd, J = 12.0, 8.0 Hz, 1H), 2.18-1.96 (m, 4H). 13C NMR (100 MHz, CDCl3); 















2964, 2925, 1454, 906, 701. HRMS-ESI: (M-Cl+H)+ = 229.0545 calculated for C12H15Cl2, 
experimental = 229.0527. 
 
6.2.2 Attempts to Deduce Relative Stereochemistry  
 
(3S,5S)-3,5-dichloro-6-phenylhexan-1-ol (2.38) 
Dichloro ester 2.26a (73 mg, 0.23 mmol) was added to a round bottom flask containing 
LAH (14 mg, 0.32 mmol) and dissolved in Et2O (4 mL) while cooling to 0 °C. After stirring for 
1.5 hours, the reaction was quenched by the slow addition of 2 M HCl (8 mL). The biphasic layers 
were extracted with EtOAc (3 x 5 mL), and the combined organic layers were dried over NaSO4. 
The crude was concentrated under vacuum and then purified in n-hexanes:EtOAc = 90:10 ® 80:20  
to give alcohol 2.38 with a yield of 87% (48 mg, 0.20 mmol) as colorless oil. 
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.41 – 7.19 (m, 5H), 4.50 (p, J = 11.3, 9.5 Hz, 2H), 
3.93 – 3.80 (m, 2H), 3.22 – 3.00 (m, 2H), 2.17 – 1.86 (m, 4H). 13C NMR (100 MHz, CDCl3); δ 
(ppm) = 137.13, 129.35, 128.48, 126.94, 60.34, 59.58, 57.57, 46.41, 44.95, 40.98. IR (cm-1): f = 
3378, 2928, 2907, 1667, 1459, 1454, 1045, 752. HRMS-ESI: (M-Cl+H)+ = 211.0884 calculated 




































Expected to be 2.39a but it was not 
 Alcohol 2.38 (13 mg, 0.05 mmol) was added into a tiny vial containing stir bar and 4Å 
molecular sieves, and then dissolved in toluene (1 mL). NaHMDS (48 µL, 0.08 mmol) was then 
added, and the reaction was stirred at room temperature. After 7 hours, the reaction was quenched 
with saturated NaHCO3 (2 mL). The aqueous layer was extracted with EtOAc (3 x 2 mL), and the 
combined organic layers were dried over NaSO4. The mixture was concentrated under vacuo and 
then purified in 100% n-hexanes and n-hexanes:EtOAc = 98:2  to give unknown compound with 
a yield of 80% (8.4 mg, 0.04 mmol) as yellow oil.  
1H NMR (400 MHz, CDCl3) δ (ppm) = 7.33 (t, J = 7.3 Hz, 2H), 7.29 – 7.21 (m, 3H), 4.53 
– 4.46 (m, 1H), 4.41 (tdd, J = 9.4, 3.8, 1.8 Hz, 1H), 3.79 – 3.71 (m, 2H), 3.13 (dd, J = 14.1, 7.3 
Hz, 1H), 3.04 (dd, J = 14.1, 6.5 Hz, 1H), 2.10 – 1.91 (m, 3H), 1.86 (ddt, J = 14.2, 9.6, 4.9 Hz, 1H). 
13C NMR (100 MHz, CDCl3); δ (ppm) = 137.21, 129.37, 128.47, 126.92, 60.41, 59.05, 57.52, 
46.35, 45.01, 41.33. IR (cm-1): f = 2956, 2924, 1250, 1092, 868, 838, 748.  
(3S,5S)-3,5-Dichloro-6-Phenylhexyl 4-nitrobenozate (2.39b) 
Alcohol 2.38 (18 mg, 0.07 mmol) was dissolved in CH2Cl2 (4 mL) and cooled to 0 °C. 
Sequentially, DIPEA (64 µL, 0.36 mmol), DMAP (4.4 mg, 0.04 mmol), and p-nitro-benzoyl 
chloride (16 mg, 0.09 mmol) were added to the solution. The reaction was then warmed to room 
temperature, and after stirring for 1.5 hours, the reaction mixture was quenched with 2 M HCl (8 
mL). The biphasic layers were extracted with EtOAc (3 x 5 mL), and the combined organic layers 
were dried over NaSO4. The crude was concentrated under vacuum and then purified in 100% n-
hexanes and n-hexanes:EtOAc = 98:2  to give ester 2.39b with a yield of 43% (11 mg, 0.03 mmol) 
as yellow solids that did not crystallize out.  
1H NMR (500 MHz, CDCl3) δ (ppm) = 8.29 (d, J = 8.9 Hz, 2H), 8.19 (d, J = 9.0 Hz, 2H), 
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7.33 (t, J = 7.2 Hz, 2H), 7.28 (d, J = 7.3 Hz, 1H), 7.22 (d, J = 6.9 Hz, 2H), 4.62 – 4.48 (m, 3H), 
4.44 (dddd, J = 11.5, 9.6, 3.9, 2.3 Hz, 1H), 3.16 (dd, J = 14.1, 7.1 Hz, 1H), 3.06 (dd, J = 14.1, 6.7 
Hz, 1H), 2.26 (dddd, J = 14.4, 8.0, 6.2, 3.8 Hz, 1H), 2.19 – 2.08 (m, 2H), 2.07 – 1.98 (m, 1H). 13C 
NMR (100 MHz, CDCl3); δ (ppm) = 164.47, 150.62, 136.88, 135.31, 130.71, 129.36, 128.55, 
127.07, 123.60, 62.63, 60.13, 56.70, 46.15, 44.89, 37.42. IR (cm-1): f = 2921, 2853, 1725, 1527, 
1349, 1274, 1119, 1102, 719.    
 
 6.2.3 Preparation of Aldehyde Starting Material 2.44  
 
(±)-4-phenylbutane-1,3-diol (2.41)  
A solution of LDA in THF (300 mL) was prepared by dissolving diisopropylamine (38 
mL, 266 mmol) in THF while cooling to -78 °C. n-BuLi (107 mL, 266 mmol) was then slowly 
added. The mixture was allowed to stir for 15 min before dry EtOAc (26 mL, 266 mmol) was 
added dropwise. After stirring the resulting mixture for 20 min, phenylacetaldehyde 2.40 (19 mL, 
166 mmol) was added. The mixture was allowed to stir until complete consumption of aldehyde 
and then quenched with half saturated NH4Cl solution (150 mL). Upon separation of layers, the 
aqueous layer was extracted with EtOAc (3 x 50 mL). The organic layers were combined, dried 
over MgSO4, and concentrated in vacuo.  
H
O 1) LDA, then EtOAc
    THF, -78 °C
2)  LAH, ether, 0 °C




    Benzaldehyde















2) NaBH4, MeOH2.41 2.42
2.43 2.44
Ph
2.40 0 °C → rt 
97% (2 steps)
CH2Cl2,






The resulting crude material was then dissolved in Et2O (20 mL). The solution was then 
added dropwise via cannula to a cooled (0 °C) suspension of LAH (7.00 g, 183 mmol) in Et2O 
(500 mL). After stirring for one hour, the reaction was quenched by the slow addition of deionized 
water (7 mL), which was followed by 15% aqueous NaOH solution (7 mL), and then deionized 
water (21 mL). This workup sequence resulted in the formation of white precipitates. After further 
stirring for one hour, the filtrate was collected using vacuum filtration and concentrated in vacuo. 
The crude material was then purified in n-hexanes:EtOAc = 30:70 ® 20:80  to give 1,3-diol 2.41 
with a yield of 56% (15.5 g, 93.3 mmol) as colorless oil. 1H NMR (400 MHz, CDCl3); d (ppm) 
=7.36-7.23 (m, 5H), 3.91-3.84 (m, 2H), 2.87-2.76 (m, 2H), 2.42-2.37 (bs, 2H), 1.82-1.75 (m, 2H). 
13C NMR (100 MHz, CDCl3); d (ppm) =138.1, 129.4, 128.6, 126.6, 72.9, 61.6, 44.3, 37.8. 
Compound 2.41. is known (CAS #74578-77-1). 
(±)-4-benzyl-2-(4-methoxyphenyl)-1,3-dioxane (2.42) 
 1,3-Diol 2.41 (15.5 g, 93.3 mmol) was dissolved in toluene (300 mL) and p-anisaldehyde 
(17 mL, 136 mmol) and TsOH (177 mg, 0.93 mmol) were added. The resulting mixture was heated 
to reflux using a dean stark apparatus. After stirring overnight, the reaction was quenched by the 
addition of solid NaHCO3 (300 mg), and the mixture was then concentrated in vacuo. In order to 
create better chromatographic separation between the product and residual p-anisaldehyde, the 
crude material was dissolved in MeOH (200 mL) and carefully treated with NaBH4 (5.29 g, 140 
mmol). The mixture was stirred until p-anisaldehyde was fully consumed. After removing the 
organic solvent under vacuum, the crude material was then quenched with a half-saturated NH4Cl 
solution (100 mL) and then extracted with EtOAc (3 x 100 mL). The organic layer was dried over 
MgSO4 and concentrated in vacuo. The crude material was purified with n-hexanes:EtOAc = 80:20 
to give acetal 2.42 with a yield of 97% (25.6 g, 90.1 mmol) as colorless oil. 1H NMR (400 MHz, 
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CDCl3); d (ppm) =7.43 (d, J = 8.2 Hz, 2H), 7.35-7.24 (m, 5H), 6.90 (d, J = 8.4 Hz, 2H), 5.48 (s, 
1H), 4.26-4.22 (m, 1H), 4.06-3.83 (m, 1H), 3.81 (s, 3H), 3.09 (dd, J = 13.5, 6.3 Hz, 1H), 2.80 (dd, 
J = 13.6, 6.9 Hz, 1H), 1.90-1.78 (m, 1H), 1.51-1.47 (m, 1H). 13C NMR (100 MHz, CDCl3); δ (ppm) 
= 159.9, 137.8, 131.4, 129.6, 128.3, 127.3, 126.4, 113.6, 101.1, 77.9, 66.9, 55.3, 42.6, 30.8. IR 
(cm-1): f = 2953, 2840, 1614, 1516, 1247, 1171, 1103, 1031, 907, 825, 726, 699. HRMS-ESI: (M+) 
= 285.1485 calculated for C18H21O13, experimental = 285.1484.  
(±)-3-((4-methoxybenzyl)oxy)-4-phenylbutan-1-ol (2.43) 
 Acetal 2.42 (9.46 g, 33.3 mmol) was dissolved in CH2Cl2 (200 mL) and cooled to -78 °C. 
DIBAL (48 mL, 48.3 mmol, 1 M solution in toluene) was added dropwise. The reaction was 
allowed to stir at -78 °C for two hours before being allowed to slowly warm to room temperature 
overnight. After cooling back to 0 °C, the reaction mixture was slowly quenched with a saturated 
aqueous solution of Rochelle’s salt (150 mL) and vigorously stirred for two hours. Upon separation 
of layers, the aqueous layer was then extracted with CH2Cl2 (3 x 100 mL). The organic layers were 
collected, dried over Na2SO4, and concentrated in vacuo. The crude mixture was purified in n-
hexanes:EtOAc = 70:30 ® 60:40 to give alcohol 2.43 with a yield of 80% (7.29 g, 25.5 mmol) as 
yellow oil.1H NMR (400 MHz, CDCl3); d (ppm) =7.34-7.19 (m, 7H), 6.89 (d, J = 8.6 Hz, 2H), 
4.54 (d, J = 11.0 Hz, 1H), 4.43 (d, J = 11.2 Hz, 1H), 3.88-3.68 (m, 3H), 3.83 (s, 3H), 3.04 (dd, J = 
13.5, 5.8 Hz, 1H), 2.79 (d, J = 13.5, 6.9 Hz, 1H), 2.35 (bs, 1H), 1.83-167 (m, 2H). 13C NMR (100 
MHz, CDCl3); δ (ppm) = 159.32, 138.45, 130.20, 129.59, 129.52, 128.41, 126.30, 113.91, 79.30, 
71.22, 60.69, 55.29, 40.53, 36.09. IR (cm-1): f = 3409, 3029, 2936, 2866, 1612, 1513, 1247, 1173, 
1033, 906, 822, 725, 700. HRMS-ESI: (M+Na)+ = 309.1461 calculated for C18H22NaO3, 





 Alcohol 2.43 (7.29 g, 25.5 mmol) was dissolved in CH2Cl2 (250 mL) and cooled to 0 °C. 
TEMPO (399 mg, 2.55 mmol) and KBr (1.3 mL, 2.55 mmol, 2 M solution) were then added to the 
solution. A bleach solution containing NaOCl (35 mL, 28.0 mmol, Clorox brand) and NaHCO3 
(519 mg, 15 mg per 1 mL of NaOCl) was added slowly to maintain the internal reaction 
temperature near 0 °C. Upon completion, the biphasic layers were separated. The aqueous layer 
reaction was then extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were then 
washed with Na2S2O3, followed by a saturated NaHCO3 solution, and then dried over Na2SO4 and 
concentrated in vacuo. The crude mixture was purified in n-hexanes:EtOAc = 80:20 ® 70:30 to 
give aldehyde 2.44 with a yield of 69% (5.00 g, 17.6 mmol) as colorless solid. 1H NMR (400 MHz, 
CDCl3); d (ppm) = 9.73 (s, 1H), 7.35-7.19 (m, 7H), 6.88 (d, J = 8.6 Hz, 2H), 4.49 (q, J = 11.1, 4.3 
Hz, 2H), 4.20-4.14 (m, 1H), 3.82 (s, 3H), 3.04 (dd, J = 13.6, 6.0 Hz, 1H), 2.82 (dd, J = 13.6, 6.8 
Hz, 1H), 2.64 (ddd, J = 16.5, 7.7, 2.5 Hz, 1H), 2.52 (ddd, J = 12.6, 4.4, 1.7 Hz, 1H). 13C NMR 
(100 MHz, CDCl3); d (ppm) = 201.34, 159.30, 137.63, 130.04, 129.56, 129.49, 128.51, 126.59, 
113.84, 75.10, 71.36, 55.29, 48.07, 40.62. IR (cm-1): f = 2975, 2850, 1719, 1612, 1513, 1248, 1087, 
1033, 702. HRMS-ESI: (M+Na)+ = 307.1310 calculated for C18H20O3Na, experimental = 
307.1308. 
 












 A solution of LDA in THF (100 mL) was prepared by dissolving diisopropylamine (5.9 
mL, 42.9 mmol) in THF while cooling to -78 °C. n-BuLi (17.2 mL, 42.9 mmol) was then slowly 
added. The mixture was allowed to stir for 5 minutes before ethyl tiglate (5.4 mL, 39.0 mmol) was 
added dropwise to form a yellow solution. TMSCl (5.4 mL, 42.9 mmol) was then added slowly 
and the yellow color faded. The reaction mixture was immediately removed from dry-ice bath to 
warm to room temperature. After one hour, NaSO4 was added to the mixture, filtered through celite 
and rinsed with cold (-78 °C) n-hexanes. The milky white solution was concentrated under vacuum 
to give pale yellow oil. The crude oil was vacuum distilled to give 26% yield of ketene acetal 2.45 
(2.25 g, 11.2 mmol) as colorless oil.  
1H NMR (400 MHz, CDCl3); δ (ppm) = 6.80 (dd, J = 17.5, 10.8 Hz, 0.5H), 6.64 (dd, J = 
17.5, 10.8 Hz, 0.5H), 4.91 – 4.73 (m, 2H), 3.92 – 3.79 (m, 2H), 1.66 (d, J = 19.2 Hz, 3H), 1.25 (t, 
J = 7.1 Hz, 3H), 0.23 (s, 9H). 13C NMR (100 MHz, CDCl3); d (ppm) = 134.68, 134.47, 107.64, 
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2.  DDQ, CH2Cl2/H2O
3.  K2CO3, MeOH
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(±)-ethyl (5R,7R,E)-5-hydroxy-7-((4-methoxybenzyl)oxy)-2-methyl-8-phenyloct-2-enoate (2.47)  
Aldehyde 2.44 (1.46 g, 5.12 mmol) was dissolved in CH2Cl2 (40 mL) and cooled to -78 °C. 
A freshly prepared solution of TiCl2(OiPr)2 (2.5 mL, 7.69 mmol, 3 M in CH2Cl2) was added 
dropwise, and the mixture was stirred for 20 minutes. A solution of ketene acetal 2.45 (1.54 g, 7.69 
mmol) in CH2Cl2 (3 x 3 mL) was then added slowly via cannula. After reaching completion, the 
reaction was quenched with pH 7 phosphate buffer (50 mL) and a saturated Rochelle’s salt solution 
(50 mL). The biphasic layers were allowed to warm to room temperature while stirring vigorously. 
Upon separation of layers, the aqueous layer was then extracted with CH2Cl2 (3 x 50 mL). The 
organic layers were then combined, dried over Na2SO4, and concentrated under vacuum. The crude 
mixture was purified in n-hexanes:EtOAc = 80:20 ® 70:30 to give ester 2.47 with a yield of 58% 
(1.22 g, 2.96 mmol) as yellow oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.33-7.19 (m, 7H), 6.88 
(d, J = 8.5 Hz, 2H), 6.78 (t, J = 13.6, 6.3 Hz, 1H), 4.49 (d, J = 11.0 Hz, 1H), 4.42 (d, J = 11.0 Hz, 
1H), 4.20 (q, J = 14.2, 7.1 Hz, 2H), 4.16-4.09 (m, 1H), 3.96 – 3.92 (m, 1H), 3.81 (s, 3H), 3.05 (dd, 
J = 13.5, 6.1 Hz, 1H), 2.89 (bs, 1H), 2.79 (dd, J = 13.5, 6.9 Hz, 1H), 2.39-2.23 (m, 2H), 1.83 (s, 
3H), 1.69-1.58 (m, 2H), 1.31 (t, J = 14.2, 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 
167.83, 159.26, 138.29, 137.79, 129.93, 129.58, 129.55, 129.35, 128.33, 126.23, 113.81, 77.47, 
71.30, 67.77, 60.49, 55.27, 40.20, 39.66, 36.89, 14.31, 12.67. IR (cm-1): f = 3479, 2936, 2871, 
1706, 1496, 1249, 1081, 1034, 702. HRMS-ESI: (M+Na)+ = 435.2142 calculated for C25H32NaO5, 
experimental = 435.2140.   
(±)-(5R,7R,E)-7-((4-methoxybenzyl)oxy)-2-methyl-8-phenyloct-2-ene-1,5-diol (6.1)   
 Ester 2.47 (1.10 g, 2.67 mmol) was dissolved in Et2O (10 mL) and added slowly via cannula 
to a cooled (0 °C) suspension of LAH (152 mg, 4.00 mmol) in Et2O (90 mL). After a complete 
consumption of the starting material, the reaction was quenched by the slow addition of deionized 
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water (0.2 mL), which was followed by 15% aqueous NaOH solution (0.2 mL), and then deionized 
water (0.6 mL). This workup sequence resulted in the formation of white precipitates. After further 
stirring for one hour, the filtrate was collected using vacuum filtration and concentrated under 
vacuum. The crude material was then purified in n-hexanes:EtOAc =60:40 ® 50:50, and 100% 
EtOAc to give diol 6.1 with a yield of 67% (662 mg, 1.79 mmol) as yellow oil. 1H NMR (400 
MHz, CDCl3); δ (ppm) = 7.33-7.21 (m, 7H), 6.88 (d, J = 8.4 Hz, 2H), 5.41 (t, J = 13.4, 6.8 Hz, 
1H), 4.46 (q, J = 11.0 Hz, 2H), 3.99 (s, 2H), 3.96-3.93 (m, 2H), 3.82 (s, 3H), 3.04 (dd, J = 13.4, 
6.1 Hz, 1H), 2.79 (dd, J = 13.4, 6.8 Hz, 1H), 2.71 (bs, 1H), 2.27-2.10 (m, 2H), 1.65 (s, 3H), 1.52-
1.43 (m, 2H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 159.28, 138.64, 137.32, 130.26, 129.64, 
129.55, 128.39, 126.28, 121.68, 113.88, 77.75, 71.58, 68.45, 68.40, 55.28, 40.63, 40.55, 40.02, 
35.97, 14.01. IR (cm-1): f = 3383, 2934, 2912, 2861, 1513, 1247, 1174, 1032, 821, 701. HRMS-
ESI: (M+H)+ = 371.2217 calculated for C23H31O4, experimental = 371.2205.   
(±)-(2R,4R,E)-8-((tert-butyldimethylsilyl)oxy)-2-((4-methoxybenzyl)oxy)-7-methyl-1-phenyloct-
6-en-4-ol (2.48)  
 Diol 6.1 (728 mg, 1.97 mmol) was dissolved in CH2Cl2 (100 mL) and cooled to 0 °C. 
Imidazole (268 mg, 3.94 mmol) was then added, followed by TBSCl (445 mg, 2.95 mmol). White 
precipitate was observed after the addition of TBSCl. The reaction mixture was then warmed to 
room temperature and stirred overnight. Then, 2 M aqueous HCl solution (50 mL) was added to 
quench the reaction, and the aqueous layer was then extracted with CH2Cl2 (3 x 25 mL). The 
organic extracts were combined, dried over Na2SO4, and concentrated under vacuum. The crude 
mixture was purified in n-hexanes:EtOAc = 80:20  to give alcohol 2.48 with a yield of 97% (923 
mg, 1.91 mmol) as colorless oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.33-7.19 (m, 7H), 6.87 
(d, J = 8.6 Hz, 2H), 5.41 (t, J = 14.4, 6.9 Hz, 1H), 4.44 (s, 2H), 4.02 (s, 2H), 4.00-3.97 (m, 1H), 
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3.86 (s, 3H), 3.96-3.86 (m, 1H), 3.01 (dd, J = 13.6, 6.3 Hz, 1H), 2.79 (dd, J = 13.6, 6.7 Hz, 1H), 
2.56 (bs, 1H), 2.28-2.09 (m, 2H), 1.63-1.60 (m, 2H), 1.58 (s, 3H), 0.93 (s, 9H), 0.08 (s, 6H). 13C 
NMR (100 MHz, CDCl3); δ (ppm) = 159.26, 138.61, 137.25, 130.29, 129.66, 129.51, 128.38, 
126.22, 120.16, 113.95, 77.72, 71.50, 68.49, 68.39, 55.27, 40.56, 39.87, 35.87, 25.97, 18.43, 13.70, 
-5.24. IR (cm-1): f = 3449, 2951, 2928, 2855, 1513, 1248, 1066, 835, 776, 668. HRMS-ESI: 
(M+Na)+ = 507.2901 calculated for C29H44NaO4Si, experimental = 507.2897.   
(±)-(2R,4R,E)-8-((tert-butyldimethylsilyl)oxy)-2-((4-methoxybenzyl)oxy)-7-methyl-1-phenyloct-
6-en-4-ol (2.25) 
 Alcohol 2.48 (128 mg, 0.26 mmol) was dissolved in CH2Cl2 (20 mL). DMAP (32 mg, 0.26 
mmol) was then added, followed by acetic anhydride (125 µL, 1.32 mmol), and pyridine (214 µL, 
2.64 mmol). The reaction was stirred at room temperature until all starting material was fully 
consumed, and then quenched with 2 M HCl (20 mL). The aqueous layer was then extracted with 
CH2Cl2 (3 x 10 mL). The organic layers were then combined, dried over Na2SO4, and concentrated 
under vacuum.   
The resulting crude material was dissolved in CH2Cl2 (50 mL). 10 drops of H2O and DDQ 
(90 mg, 0.40 mmol) were sequentially added. After the disappearance of the starting material, the 
reaction was quenched with saturated NaHCO3 and extracted with CH2Cl2 (4 x 20 mL). The 
combined organic layer was dried over Na2SO4 and concentrated under vacuum.  
The resulting crude material was dissolved in MeOH (50 mL) and K2CO3 (183 mg, 1.32 
mmol) was then added. The mixture was stirred until a full consumption of starting material. The 
reaction mixture was quenched with a half saturated NH4Cl solution and extracted with EtOAc (4 
x 20 mL). The combined organic layers were dried over Na2SO4 and concentrated under vacuum. 
The crude mixture was purified in n-hexanes:EtOAc = 85:15 ® 80:20  to give diol 2.25 with a 
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yield of 57% (55 mg, 0.15 mmol) over 3 steps as colorless oil. 1H NMR (400 MHz, CDCl3); δ 
(ppm) = 7.36-7.23 (m, 5H), 5.45 (t, J = 15.0, 8.1 Hz, 1H), 4.19 (p, J = 6.4 Hz, 1H), 4.05 (s, 3H), 
2.80 (d, J = 6.4 Hz, 2H), 2.46 (bs, 1H), 2.38-2.19 (m, 2H), 1.72 (t, J = 11.6, 5.8 Hz, 2H), 1.64 (s, 
3H), 0.93 (s, 9H), 0.09 (s, 6H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 138.40, 137.91, 129.38, 
128.57, 126.50, 119.63, 70.11, 69.01, 68.32, 44.09, 41.52, 35.71, 25.96, 18.43, 13.74, -5.26. IR 
(cm-1): f = 3375, 2928, 2856, 1327, 939, 775. HRMS-ESI: (M+H)+ = 365.2509 calculated for 
C21H37O3Si, experimental = 365.2506.   
 




6-en-4-ol (2.49)  
 Alcohol 2.48 (923 mg, 1.91 mmol) was dissolved in THF (100 mL). PPh3 (1.50 g, 5.72 
mmol) was then added, followed by p-nitro benzoic acid (637 mg, 3.82 mmol), and then 
diethylazodicarboxylate (0.9 mL, 5.72 mmol). The reaction mixture was allowed to stir overnight 
at room temperature and then concentrated under vacuum. The resulting crude material was 
dissolved in MeOH (60 mL), and K2CO3 (1.37 g, 11.4 mmol) was then added. The reaction mixture 
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EtOAc (4 x 20 mL). The combined organic layers were dried over Na2SO4 and concentrated under 
vacuum. The crude material was purified in n-hexanes:EtOAc = 90:10 ® 80:20 to give alcohol 
2.49 with a yield of 57% (527 mg, 1.09 mmol) as colorless oil. 1H NMR (400 MHz, CDCl3); δ 
(ppm) = 7.34-7.19 (m, 7H), 6.89 (d, J = 8.6 Hz, 2H), 5.39 (t, J = 13.4, 6.6 Hz, 1H), 4.57 (d, J = 
11.0 Hz, 1H), 4.43 (d, J = 11.0 Hz, 1H), 4.02 (d, J = 8.9 Hz, 2H), 3.97-3.75 (m, 5H), 3.49 (bs, 1H), 
3.02 (dd, J = 13.6, 5.1 Hz, 1H), 2.80 (dd, J = 13.6, 6.8 Hz, 1H), 2.26-2.08 (m, 2H), 0.92 (s, 9H), 
0.08 (s, 6H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 159.36, 138.14, 136.92, 129.82, 129.66, 
129.53, 128.41, 126.35, 120.10, 113.94, 80.73, 71.36, 71.03, 68.51, 55.27, 40.74, 40.42, 35.67, 
25.97, 18.42, 13.65, -5.25. IR (cm-1): f = 3470, 2951, 2928, 2855, 1514, 1249, 1068, 836, 700. 
  
(±)-(2R,4S,E)-8-((tert-butyldimethylsilyl)oxy)-4-((dimethyl(phenyl)silyl)oxy)-7-methyl-1-
phenyloct-6-en-2-ol (2.34)   
 Alcohol 2.49 (508 mg, 1.05 mmol) was dissolved in CH2Cl2 (40 mL). Et3N (263 µL, 1.89 
mmol) was then added, followed by DMAP (10 mg, 0.08 mmol), and Me2PhSiCl (211 µL, 1.26 
mmol). Upon completion, the reaction was quenched with half saturated NH4Cl solution (25 mL) 
and extracted with CH2Cl2 (3 x 25 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum.  
The resulting crude material was then dissolved in CH2Cl2 (50 mL). Then, 5 drops of H2O 
and DDQ (358 mg, 1.58 mmol) was sequentially added. After stirring for an hour, the reaction was 
poured into a separatory funnel containing saturated NaHCO3 solution. The mixture was then 
extracted with CH2Cl2 (4 x 30 mL), the organic layers were dried over Na2SO4, and concentrated 
under vacuum.  
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In order to create better chromatographic separation between the product and residual p-
anisaldehyde, the crude material was dissolved in CH2Cl2 (50 mL) and cooled to -78 °C. DIBAL 
(2.1 mL, 2.10 mmol, 1 M in toluene) was then added dropwise. The reaction mixture was stirred 
until p-anisaldehyde was fully consumed. Then, a saturated Rochelle’s salt solution was added, 
and the mixture was allowed to stir vigorously for 2 hours. Upon separation of layers, the aqueous 
layer was then extracted with CH2Cl2 (3 x 30 mL). The organic layers were combined, dried over 
Na2SO4, and concentrated under vacuum. The crude material was purified in 100% n-hexanes and 
n-hexanes:EtOAc = 99:1 ® 90:10 to give 1,3-syn diol monosilylether 2.34 with a yield of 18% 
(96 mg, 0.19 mmol) as yellow oil. 
1H NMR (400 MHz, CDCl3); δ (ppm) = 7.62 (d, J = 8.0 Hz, 2H), 7.43-7.38 (m, 3H), 7.31 
(d, J = 4.0 Hz, 2H), 7.25-7.18 (m, 3H), 5.33 (t, J = 8.0, 4.0 Hz, 1H), 3.97-3,92 (m, 4H), 3.14 (s, 
1H), 2.78-2.66 (qd, J = 12.0, 8.0 Hz, 2H), 2.22-2.16 (m, 2H), 1.68-1.54 (m, 2H), 1.49 (s, 3H), 0.93 
(s, 9H), 0.45 (d, J = 4.0 Hz, 6H), 0.07 (d, J = 4.0 Hz, 6H). 13C NMR (100 MHz, CDCl3); δ (ppm) 
= 138.53, 137.39, 136.76, 133.54, 129.79, 129.46, 128.33, 127.92, 126.23, 119.29, 73.35, 71.92, 
68.28, 44.11, 42.24, 36.06, 25.95, 18.40, 13.59, -0.97, -1.13, -5.27. IR (cm-1): f = 3452, 2953, 2855, 
1251, 1063, 777, 740, 699. HRMS-ESI: (M+Na)+ = 521.2878 calculated for C29H46NaO3Si2, 
experimental = 521.2868.   
 













A solution of LDA in THF (150 mL) was prepared by dissolving diisopropylamine (11 
mL, 81.6 mmol) in THF while cooling to -78 °C. n-BuLi (33 mL, 81.6 mmol) was then added 
dropwise using addition funnel. The mixture was allowed to stir for 15 min before tert-butyl acetate 
(10 mL, 74.2 mmol) was added dropwise. TBSCl (12.3 g, 81.6 mmol) was then added slowly in 3 
portions of 50 mL of THF via cannula. The reaction mixture was immediately removed from dry-
ice bath to warm to room temperature. After one hour, the reaction mixture was cooled back to -
78 °C, quenched with cold (0 °C) saturated NaHCO3, and poured into separatory funnel. The round 
bottom flask was rinsed with cold (-78 °C) n-hexanes, and the organic layer was dried over NaSO4 
and concentrated under vacuum to give yellow oil. The crude oil was vacuum distilled to give 52% 
yield of ketene acetal 2.50 (8.95 g, 38.9 mmol) as colorless oil. 
 
(±)-(3R,5R)-3-tert-buty-3-hydroxy-5-((4-methoxybenzyl)oxy)-6-phenylhexanoate (2.52)  
Aldehyde 2.44 (1.25 g, 4.40 mmol) was dissolved in CH2Cl2 (70 mL) and cooled to -78 
°C. BF3•OEt2 (0.65 mL, 5.28 mmol, 3 M in CH2Cl2) was added dropwise, and the mixture was 
stirred for 40 min. A solution of ketene acetal 2.50 (1.52 g, 6.60 mmol) in CH2Cl2 (3 x 3 mL) was 
then added slowly via cannula. After reaching completion, the reaction was quenched with pH 7 
phosphate buffer (35 mL) and a saturated Rochelle’s salt solution (35 mL). The biphasic layers 
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the aqueous layer was then extracted with CH2Cl2 (3 x 50 mL). The organic layers were then 
combined, dried over Na2SO4, and concentrated under vacuum. The crude mixture was purified in 
n-hexanes:EtOAc = 85:15 ® 80:20 to give ester 2.52 with a yield of 56% (0.99 g, 2.47 mmol) as 
yellow oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.30-7.18 (m, 8H), 6.87-6.83 (m, 2H), 4.41 (d, 
J = 2.2 Hz, 2H), 4.24 (m, 1H), 3.95 (dtd, J = 9.0, 6.2, 3.1 Hz, 1H), 3.79 (s, 3H), 3.25 (d, J = 3.8 
Hz, 1H), 2.96 (dd, J = 13.6, 6.2 Hz, 1H), 2.78 (dd, J = 13.6, 6.5 Hz, 1H), 2.34-2.31 (m, 2H), 1.62 
(s, 1H), 1.52 (ddd, J = 14.4, 8.9, 3.0 Hz, 1H), 1.43 (s, 9H). 13C NMR (100 MHz, CDCl3); δ (ppm) 
= 172.05, 159.21, 138.55, 130.44, 129.62, 129.54, 128.40, 128.32, 126.20, 113.80, 81.02, 71.79, 
65.11, 55.26, 42.84, 40.84, 40.59, 28.08. IR (cm-1): f = 3491, 2976, 2934, 1724, 1514, 1248, 1150, 
822, 701. HRMS-ESI: (M+Na)+ = 423.2142 calculated for C24H32NaO5, experimental = 423.2125.   
(±)-(3R,5R)-3-((tert-butyldimethylsilyl)oxy)-5-((4-methoxybenzyl)oxy)-6-phenylhexan-1-ol 
(2.58)  
 Alcohol 2.52 (397 mg, 0.99 mmol) was dissolved in CH2Cl2 (12 mL) and cooled to 0 °C. 
Imidazole (337 mg, 4.95 mmol) was then added, followed by TBSCl (299 mg, 1.98 mmol), and 
DMAP (24 mg, 0.19 mmol). The reaction was stirred to warm to room temperature overnight, 
quenched with 2 M HCl (20 mL), and extracted with CH2Cl2 (3 x 20 mL). The combined organic 
layers were dried over Na2SO4 and concentrated under vacuum. The crude mixture was purified 
in n-hexanes:EtOAc = 95:5 ® 90:10 to give the TBS ether in 71% yield (360 mg, 0.70 mmol) as 
yellow oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.31-7.21 (m, 7H), 6.87 (d, J = 8.5 Hz, 2H), 
4.50 (d, J = 10.9 Hz, 1H), 4.41 (d, J = 10.9 Hz, 1H), 4.26 (t, J = 11.6, 5.4 Hz, 1H), 3.82 (s, 4H), 
2.98 (dd, J = 13.7, 5.6 Hz, 1H), 2.77 (dd, J = 13.7, 6.6 Hz, 1H), 2.39 (d, J = 5.9 Hz, 2H), 1.71-1.68 
(m, 2H), 1.42 (s, 9H), 0.85 (s, 9H), 0.02 (d, J = 6.2 Hz, 6H). 13C NMR (100 MHz, CDCl3); δ (ppm) 
= 170.62, 159.02, 138.65, 130.86, 129.54, 129.12, 128.26, 126.09, 113.72, 80.26, 77.28, 70.64, 
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67.12, 55.27, 44.79, 42.57, 40.70, 28.11, 25.86, 17.97, -4.27, -4.59. IR (cm-1): f = 2929, 2856, 
1729, 1514, 1248, 1081, 834, 775, 700. HRMS-ESI: (M+H)+ = 515.3187 calculated for 
C30H47O5Si, experimental = 515.3180.   
The purified TBS ether (97 mg, 0.19 mmol) was dissolved in CH2Cl2 (5 mL) and cooled 
to -78 °C. DIBAL (1.1 mL, 1.13 mmol, 1 M in toluene) was then added dropwise. After one hour, 
the reaction was slowly warmed to room temperature and stirred until completion. The reaction 
was cooled back to 0 °C, quenched with a saturated solution of Rochelle’s salt (5 mL), and stirred 
vigorously for 2 hours. The aqueous layer was then extracted with CH2Cl2 (4 x 5 mL); the organic 
layers were dried over Na2SO4 and concentrated under vacuum. The resulting crude was purified 
in n-hexanes:EtOAc = 85:15 ® 80:20 to give alcohol 2.58 with a yield of 47% (38 mg, 0.09 mmol) 
as yellow oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.33-7.21 (m, 7H), 6.88 (d, J = 8.0 Hz, 2H), 
4.52 (d, J = 12.0 Hz, 1H), 4.40 (d, J = 12.0 Hz, 1H), 4.04-4.01 (m, 1H), 3.82-3.60 (m, 6H), 3.00 
(dd, J = 16.0, 8.0 Hz, 1H), 2.77 (dd, J = 16.0, 8.0 Hz, 1H), 2.35 (bs, 1H), 1.88-1.63 (m, 4H), 0.86 
(s, 9H), 0.04 (s, 3H), 0.00 (s, 3H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 159.17, 138.46, 130.52, 
129.51, 129.32, 128.35, 126.23, 113.74, 77.5,1 70.75, 69.44, 59.85, 55.29, 41.82, 40.63, 39.00, 
25.82, 17.91, -4.40, -4.58. IR (cm-1): f = 3410, 2928, 2855, 1513, 1248, 1079, 1034, 834, 775, 700. 
HRMS-ESI: (M+H)+ = 445.2769 calculated for C26H41O4Si, experimental = 445.2763.   
(±)-(2R,4R)-4,6-bis((tert-butyldimethylsilyl)oxy)-1-phenylhexan-2-ol (2.59) 
 Alcohol 2.58 (58 mg, 0.13 mmol) was dissolved in CH2Cl2 (10 mL) and cooled to 0 °C. 
Imidazole (35 mg, 0.52 mmol) was then added, followed by TBSCl (39 mg, 0.26 mmol), and 
DMAP (3.2 mg, 0.03 mmol). The reaction was stirred to warm to room temperature overnight. 
The mixture was quenched with 2 M HCl and extracted with CH2Cl2 (3 x 10 mL). The combined 
organic layers were dried over Na2SO4 and concentrated under vacuum. The crude mixture was 
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purified in n-hexanes:EtOAc = 95:5 to give TBS-protected alcohol with 85% yield (60 mg, 0.11 
mmol) as yellow oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.33-7.20 (m, 7H), 6.87 (d, J = 8.8 
Hz, 2H), 4.44 (q, J = 12.0, 8.0 Hz, 2H), 4.02 (p, J = 4.0 Hz, 1H), 3.85-3.80 (m, 4H), 3.66 (t, J = 
12.0, 8.0 Hz, 2H), 2.96 (dd, J = 12.0, 4.0 Hz, 1H), 2.80 (dd, J = 12.0, 4.0 Hz, 1H), 1.76-1.68 (m, 
3H), 1.65-1.60 (m, 1H), 0.92 (s, 9H), 0.88 (s, 9H), 0.11-0.03 (m, 12H). 13C NMR (100 MHz, 
CDCl3); δ (ppm) = 168.95, 159.03, 138.88, 130.92, 129.56, 129.18, 128.24, 126.05, 113.72, 77.44, 
70.82, 67.11, 59.58, 55.27, 42.84, 41.12, 40.90, 25.97, 25.94, 18.26, 18.03, 1.03, -4.15, -4.39, -
5.30. IR (cm-1): f = 3452, 2953, 2855, 1251, 1063, 777, 740, 699. 
The purified TBS protected diol (97 mg, 0.17 mmol) was dissolved in CH2Cl2/H2O (15 
mL/10 drops) and DDQ (59 mg, 0.26 mmol) was added. After 30 min, the reaction was quenched 
with saturated NaHCO3, and extracted with CH2Cl2 (4 x 10 mL). The organic layer was dried over 
NaSO4and concentrated under vacuum. The resulting crude was purified with 100% n-hexanes 
and n-hexanes:EtOAc =98:2 ® 95:5 to give 2.59 with a yield of 76% (59 mg, 0.13 mmol) as 
yellow oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.34-7.29 (m, 2H), 7.24 (d, J = 8.9 Hz, 3H), 
4.21-4.17 (m, 2H), 3.62-3.50 (m, 3H), 2.86 (dd, J = 13.4, 6.8 Hz, 1H), 2.70 (dd, J = 13.4, 6.3 Hz, 
1H), 1.86 (p, J = 6.5 Hz, 1H), 1.76-1.67 (m, 2H), 1.63 (dd, J = 4.7, 2.5 Hz, 1H), 0.92 (s, 9H), 0.89 
(s, 9H), 0.11 (s, 3H), 0.10 (s, 3H), 0.03 (s, 3H), 0.01 (s, 3H). 13C NMR (100 MHz, CDCl3); δ (ppm) 
= 138.68, 129.37, 128.38, 126.23, 69.64, 68.73, 59.55, 44.45, 40.99, 39.00, 25.91, 25.84, 18.23, 
17.96, -4.73, -5.42. IR (cm-1): f = 3495, 2928, 2856, 1254, 835, 775, 700. HRMS-ESI: (M+H)+ = 
439.3058 calculated for C24H47O3Si2, experimental = 439.3056.   
(±)-(3R,5R)-6-phenylhexane-1,3,5-triol (2.36) 
 p-toluene sulfonic acid (54 mg, 0.28 mmol) was added into a round bottom flask containing 
alcohol 2.59 (62 mg, 0.14 mmol). MeOH (2 mL) was then added and the reaction was let to stir 
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overnight. Et3N (1 mL) was added to quench the reaction and then concentrated under vacuum. 
The resulting crude was purified in n-hexanes:EtOAc = 10:90, EtOAc 100%, and EtOAc:MeOH 
= 95:5 to give 2.36 with a yield of 98% (29 mg, 0.14 mmol) as yellow oil. 1H NMR (400 MHz, 
CDCl3); δ (ppm) = 7.38-7.24 (m, 5H), 4.54-4.45 (m, 2H), 3.79-3.70 (m, 2H), 3.17 (dd, J = 14.2, 
7.1 Hz, 1H), 3.07 (dd, J = 14.1, 6.6 Hz, 1H), 2.15 (q, J = 13.2, 6.5 Hz, 2H), 2.08 (d, J = 11.8 Hz, 
1H), 2.01 (d, J = 11.8 Hz, 1H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 138.12, 129.36, 128.67, 
126.63, 70.23, 69.76, 61.98, 44.01, 42.10, 38.20. IR (cm-1): f = 3327, 2939, 1453, 1062, 748, 700. 
HRMS-ESI: (M+H)+ = 211.1329 calculated for C12H19O3, experimental = 211.1332. 
 
6.2.7 Attempts to Chlorinate 1,2-Diols 
 
1,2-Anti diol 2.60 (14 mg, 0.07 mmol) was dissolved in CH2Cl2 (1.5 mL) and cooled to 0 
°C. Triphosgene (22 mg, 0.07 mmol) was then added in one portion, followed by pyridine (24 µL, 
0.29 mmol) via syringe. The solution was warmed to gentle reflux for 23 hours. After cooling to 
room temperature, the reaction mixture was then poured into a separatory funnel containing 
aqueous HCl solution (1 M, 5 mL), and the biphasic mixture was shaken vigorously. Upon 
separation of layers, the aqueous layer was re-extracted with dichloromethane (2 × 5 mL). The 
combined organic layers were dried over Na2SO4 and concentrated under vacuum. The resulting 































and eluted with 100% n-hexanes and n-hexanes:EtOAc = 95:5 to produce 1,2-dichloride 2.63 in 
43% yield as colorless oil (6 mg, 0.03 mmol). 
1,2-Syn diol 2.61a (55 mg, 0.29 mmol) was dissolved in CH2Cl2 (1.4 mL) and cooled to 0 
°C. Triphosgene (85 mg, 0.29 mmol) was then added in one portion, followed by pyridine (93 µL, 
1.16 mmol) via syringe. The solution was warmed to gentle reflux for 1.5 hours. After cooling to 
room temperature, the reaction mixture was then poured into a separatory funnel containing 
aqueous HCl solution (1 M, 5 mL), and the biphasic mixture was shaken vigorously. Upon 
separation of layers, the aqueous layer was re-extracted with dichloromethane (2 × 5 mL). The 
combined organic layers were dried over Na2SO4 and concentrated under vacuum. The resulting 
crude material was purified using flash column chromatography with 1% Et3N buffered silica gel, 
and eluted with 100% n-hexanes and n-hexanes:EtOAc = 95:5 ® 70:30 to produce 1,2-dichloride 
2.63 in 10% yield as colorless oil (6 mg, 0.03 mmol) and carbonate 2.64 in 38% as colorless oil 
(24 mg, 0.11 mmol).  
1,2-Syn monosylilether diol 2.61b (39 mg, 0.12 mmol) was dissolved in CH2Cl2 (0.24 mL) 
and cooled to 0 °C. Triphosgene (35 mg, 0.12 mmol) was then added in one portion, followed by 
pyridine (38 µL, 0.47 mmol) via syringe. The solution was warmed to gentle reflux for 3 hours. 
After cooling to room temperature, the reaction mixture was then poured into a separatory funnel 
containing aqueous HCl solution (1 M, 5 mL), and the biphasic mixture was shaken vigorously. 
Upon separation of layers, the aqueous layer was re-extracted with dichloromethane (2 × 5 mL). 
The combined organic layers were dried over Na2SO4 and concentrated under vacuum. The 
resulting crude material was purified using flash column chromatography with 1% Et3N buffered 
silica gel, and eluted with 100% n-hexanes and n-hexanes:EtOAc = 95:5 to produce only carbonate 
2.64 in 42% as colorless oil (11 mg, 0.05 mmol).  
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Characterization of (2,3-dichlorohex-5-en-1-yl)benzene (2.63): 1H NMR (400 MHz, 
CDCl3); δ (ppm) = 7.49 – 7.14 (m, 5H), 5.94 – 5.78 (m, 1H), 5.32 – 5.22 (m, 2H), 4.95 (ddd, J = 
9.7, 7.2, 4.2 Hz, 1H), 4.80 (ddd, J = 8.7, 7.2, 4.9 Hz, 1H), 3.09 (dd, J = 14.6, 9.7 Hz, 1H), 2.97 
(dd, J = 14.5, 4.1 Hz, 1H), 2.69 – 2.60 (m, 1H), 2.55 – 2.46 (m, 1H). 13C NMR (100 MHz, CDCl3); 
δ(ppm) = 135.38, 131.34, 129.01, 128.84, 127.27, 119.52, 80.10, 78.78, 35.21, 33.45.  
Characterization of (4R,5S)-4-allyl-5-benzyl-1,3-dioxolan-2-one (2.64): 1H NMR (500 
MHz, CDCl3); δ (ppm) = 7.37 (t, J = 7.2 Hz, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.23 (d, J = 7.0 Hz, 
2H), 5.65 (ddt, J = 17.2, 10.2, 7.0 Hz, 1H), 5.22 – 5.11 (m, 2H), 4.56 (q, J = 6.3 Hz, 1H), 4.42 (q, 
J = 6.0 Hz, 1H), 3.14 (dd, J = 14.2, 6.4 Hz, 1H), 2.98 (dd, J = 14.2, 6.4 Hz, 1H), 2.35 (h, J = 8.2 
Hz, 2H). 13C NMR (125 MHz, CDCl3); δ(ppm) = 154.15, 133.94, 129.98, 129.40, 128.93, 127.54, 
120.38, 80.78, 79.69, 39.53, 37.51. IR (cm-1): f = 2923, 1796, 1378, 1169, 1054, 926, 773, 701. 
GCMS: Rt = 18.98 min; M+ = 218.1 calculated for C13H14O3, experimental = 218.1. HRMS-ESI: 
(M+H)+ = 219.1016 calculated for C13H15O3, experimental = 219.1022.      
 
6.3 Experimental Procedures for Vinyl Chloride Synthesis   
 6.3.1 Optimization Studies  
 Into an oven-dried pressure vessel, ketone (2.00 mmol, 1.0 equivalent) was dissolved in 10 
mL anhydrous CH2Cl2 (0.2 M). Triphosgene was added in one portion, followed by pyridine. The 
mixture was then warmed to a gentle reflux at 35 °C bath, and upon mini work-up, the progress of 
reaction was monitored by GC-MS analyses after 6 hours, 24 hours, and 48 hours, respectively.  
 6.3.2 General Procedures 
 Unless otherwise stated, into an oven-dried pressure vessel, ketone (1.0 equivalent) was 
dissolved in anhydrous CH2Cl2 (0.2 M or 0.5 M concentration). Triphosgene (1.0 equivalent) was 
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added in one portion, followed by pyridine (4.0 equivalents). The mixture was then warmed to a 
gentle reflux at 35 °C bath, and the progress of reaction was monitored by GC-MS analyses. Upon 
completion, unless otherwise noted, the crude mixture was partition with 1M HCl and CH2Cl2 (1:1 
ratio, 20 mL). The aqueous layer was further extracted with CH2Cl2 (3x10 mL). The combined 
organic layers were then dried over Na2SO4 and concentrated under vacuum. The resulting residue 
was then purified by flash column chromatography.    
 
 6.3.3 Characterization of Vinyl Chloride Products 
4-tert-butyl-1-chloro-cyclohexene (2.68a) 
 
 Ketone 2.68 (309 mg, 2.00 mmol) was dissolved in CH2Cl2 (10 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol).  After aqueous workup, the crude mixture 
was purified with column chromatography on silica gel using 100% n-hexanes to afford vinyl 
chloride 2.68a (276 mg, 1.60 mmol) as colorless oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 5.77 
(t, J = 3.1 Hz, 1H), 2.40-2.26 (m, 2H), 2.14-2.07 (m, 1H), 1.90-1.82 (m, 2H), 1.39-1.24 (m, 2H), 
0.87 (s, 9H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 131.62, 124.55, 43.04, 33.98, 32.08, 27.60, 
27.21, 25.08. IR (cm-1): f =2959, 2868, 1366, 1025, 982, 719.  GCMS: Rt = 13.00 min; M+ = 172.1 






















 Ketone 2.69 (233 µL, 2.00 mmol) was dissolved in CH2Cl2 (4 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). Without aqueous workup, the crude 
mixture was directly purified with column chromatography on silica gel, buffered with 1% Et3N, 
using n-hexanes:EtOAc = 100:0 ® 96:4 to afford vinyl chloride 2.69a (90 mg, 0.65 mmol) as 
yellow oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.66 (dd, J = 7.7, 2.1 Hz, 2H), 7.40-7.38 (m, 
3H), 5.80 (d, J = 1.9 Hz, 1H), 5.56 (d, J = 1.9 Hz, 1H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 
139.97, 136.94, 129.09, 128.32, 126.39, 112.68. IR (cm-1): f = 2925, 1774, 1446, 1220, 879, 768, 
670. GCMS: Rt = 10.66 min; M+ = 138.0 calculated for C8H7Cl, experimental = 138.1. Compound 
2.69a is known (CAS #618-34-8). 
1-chloro-cyclohexene (2.70a) 
 
 Ketone 2.70 (208 µL, 2.00 mmol) was dissolved in CH2Cl2 (10 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). Without aqueous workup, the crude 
mixture was directly purified with column chromatography on neutral alumina using 100% 
pentane to afford vinyl chloride 2.70a (47 mg, 0.40 mmol) as colorless oil.  1H NMR (400 MHz, 
CDCl3); δ (ppm) = 5.79-5.78 (m, 1H), 2.30-2.25 (m, 2H), 2.10-2.05 (m, 2H), 1.75-1.69 (m, 2H), 
1.60-1.54 (m, 2H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 131.90, 124.49, 32.77, 26.05, 23.69, 
21.28. IR (cm-1): f = 2917, 2849, 2045, 1463, 995, 700. GCMS: Rt = 7.55 min; M+ = 116.0 















 Ketone 2.71 (261 mg, 1.50 mmol) was dissolved in CH2Cl2 (7.5 mL) along with 
triphosgene (445 mg, 1.50 mmol) and pyridine (485 µL, 6.00 mmol). After aqueous workup, the 
crude mixture was purified with column chromatography on silica gel using 100% n-hexanes and 
n-hexanes:EtOAc = 98:2 ® 96:4 to afford vinyl chloride 2.71a (267 mg, 1.39 mmol) as white 
crystals. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.38 (t, J = 7.6 Hz, 2H), 7.28 (d, J = 7.6 Hz, 3H), 
5.95 (t, J = 3.0 Hz, 1H), 2.91-2.85 (m, 1H), 2.64-2.55 (m, 1H), 2.45 (dd, J = 5.5 Hz, 2H), 2.35-
2.27 (m, 1H), 2.10-1.97 (m, 2H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 145.62, 131.82, 128.55, 
126.84, 126.40, 124.13, 39.04, 33.98, 33.27, 30.76. IR (cm-1): f = 3027, 2920, 2839, 978, 755, 698. 
GCMS: Rt = 17.37 min; M+ = 192.1 calculated for C12H13Cl, experimental = 192.1. Compound 




 Ketone 2.72 (261 mg, 1.50 mmol) was dissolved in CH2Cl2 (7.5 mL) along with 


























crude mixture was purified with column chromatography on silica gel, buffered with 1% Et3N, 
using 100% n-hexanes to afford major product vinyl chloride 2.72a (121 mg, 0.63 mmol) as 
colorless oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.40-7.36 (m, 2H), 7.31-7.28 (m, 3H), 2.53-
2.50 (m, 2H), 2.44-2.39 (m, 2H), 1.87-1.77 (m, 4H). 13C NMR (100 MHz, CDCl3); δ (ppm) 
=141.57, 134.41, 128.08, 128.05, 127.81, 126.92, 34.11, 32.96, 23.92, 22.70. IR (cm-1): f = 3055, 
3022, 2932, 2860, 1003, 756, 698. GCMS: Rt = 16.90 min; M+ = 192.1 calculated for C12H13Cl, 
experimental = 192.1.  
2-sec-butyl-1-chloro-cyclohexene (2.73a) 
 
 Ketone 2.73 (338 µL, 2.00 mmol) was dissolved in CH2Cl2 (10 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). After aqueous workup, the crude mixture 
was purified with column chromatography on silica gel, buffered with 1% Et3N, using 100% n-
hexanes to afford major product vinyl chloride 2.73a (118 mg, 0.68 mmol) as yellow oil. 1H NMR 
(400 MHz, CDCl3); δ (ppm) = 2.58-2.49 (h, J = 7.2 Hz, 1H), 2.30-2.16 (m, 2H), 2.07-1.90 (m, 
2H), 1.75-1.69 (m, 2H), 1,63-1.57 (m, 2H), 1.31 (p, J = 7.4 Hz, 2H), 0.95 (d, J = 6.9 Hz, 3H), 0.81 
(t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 148.74, 144.14, 129.70, 34.41, 27.05, 
26.39, 22.84, 22.37, 22.10, 18.22, 12.24. IR (cm-1): f = 2962, 2934, 2874, 1782, 1129, 1061, 847. 
GCMS: Rt = 12.61 min; M+ = 172.1 calculated for C10H17Cl, experimental = 172.1. HRMS: (M-




















1,1’-[(1E/Z)-2-chloro-1-propene-1,3-diyl]bis-benzene (2.74a and 2.74b) 
 
 Ketone 2.74 (210 mg, 2.00 mmol) was dissolved in CH2Cl2 (4 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). Without aqueous workup, the crude 
mixture was directly purified with column chromatography on neutral alumina using 100% 
pentane to afford vinyl chlorides in a mixture of 5:1 Z:E olefin isomers 2.74a and 2.74b (104 mg, 
0.46 mmol) as colorless oil. 1H NMR (400 MHz, CDCl3, *denoted the minor isomer); δ (ppm) = 
7.64 (d, J = 7.4 Hz, 2H), 7.41-7.28 (m, 10H), 6.99 (s, 0.2H),* 6.57 (s, 1H), 3.96 (s, 0.4H),* 3.83 
(s, 2H). 13C NMR (100 MHz, CDCl3, *denoted the minor isomer); δ (ppm) = 137.36, 134.96, 
133.45, 130.09,* 129.13, 129.08, 128.66,* 128.60, 128.48,* 128.20, 127.72, 127.60,* 127.01, 
126.82,* 125.94, 47.36, 40.57.* IR (cm-1): f = 2916, 2849, 2067, 2046, 1493, 1453, 750, 695. 
GCMS for major isomer: Rt = 20.02 min; M+ = 228.7 calculated for C15H13Cl, experimental = 
228.1. GCMS for minor isomer: Rt = 20.43 min; M+ = 228.7 calculated for C15H13Cl, experimental 
= 228.1. Major olefin isomer 2.74a was determined by NOESY experiment (see appendix). 
1-(1-chloroethenyl)-4-methoxy-benzene (2.75a) 
 
 Ketone 2.75 (300 mg, 2.00 mmol) was dissolved in CH2Cl2 (4 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). Without aqueous workup, the crude 


























pentane:EtOAc = 100:0 ® 92:8 to afford vinyl chloride 2.75a (74 mg, 0.44 mmol) as white 
crystals. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.57 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H), 
5.65 (d, J = 1.8 Hz, 1H), 5.41 (d, J = 1.8 Hz, 1H), 3.83 (s, 3H). 13C NMR (100 MHz, CDCl3); δ 
(ppm) = 160.28, 139.60, 129.55, 127.78, 113.60, 110.80, 55.37. IR (cm-1): f = 2916, 2849, 2068, 
2045, 1605, 1487, 1254, 834, 676. GCMS: Rt = 14.62 min; M+ = 168.0 calculated for C9H9ClO, 
experimental = 168.0.  
1-(1-chloroethenyl)-4-nitro-benzene (2.76a) 
 
 Ketone 2.76 (330 mg, 2.00 mmol) was dissolved in CH2Cl2 (4 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). After aqueous workup, the crude mixture 
was purified with column chromatography on silica gel, buffered with 1% Et3N, using n-
hexanes:EtOAc = 100:0 ® 85:5 to afford vinyl chloride 2.76a (198 mg, 1.08 mmol) as yellow 
crystals in a 5:1 mixture with geminal-dichloride product 2.76b. 1H NMR (400 MHz, CDCl3, 
*denoted the minor product); δ (ppm) = 8.24 (d, J = 8.9 Hz),* 8.21 (d, J = 8.8 Hz, 2H), 7.93 (d, J 
= 8.9 Hz),* 7.78 (d, J = 8.8 Hz, 2H), 5.94 (d, J = 2.1 Hz, 1H), 5.73 (d, J = 2.1 Hz, 1H), 2.56 (s, 
3H).* 13C NMR (100 MHz, CDCl3, *denoted the minor product); δ (ppm) = 147.94,* 142.68, 
137.77,* 127.24, 126.81,* 123.61, 123.58,* 116.48, 38.61.* IR (cm-1): f = 2916, 2849, 2066, 2046, 
1523, 1344, 859, 700. GCMS of the major product: Rt = 16.56 min; M+ = 183.0 calculated for 
C8H6ClNO2, experimental = 183.0. GCMS for the minor product: Rt = 17.83 min; M+ = 219.0 
calculated for C8H7Cl2NO2, experimental = 219.0. HRMS: (M+H)+ 184.0163 calculated for 





















 Ketone 2.77 (266 µL, 2.00 mmol) was dissolved in CH2Cl2 (4 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). After aqueous workup, the crude mixture 
was purified with column chromatography on silica gel using 100% n-hexanes to afford vinyl 
chloride 2.77a (177 mg, 1.08 mmol) as orange oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 7.72 
(d, J = 7.5 Hz, 1H), 7.39-7.31 (m, 2H), 7.24 (d, J = 7.4 Hz, 1H), 6.29 (t, J = 4.6 Hz, 1H), 2.94 (t, 
J = 8.0 Hz, 2H), 2.52-2,47 (m, 2H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 136.42, 132.49, 
130.63, 128.34, 127.38, 126.80, 126.11, 124.17, 27.67, 24.29. IR (cm-1): f = 2934, 2888, 2833, 
1161, 812, 758. GCMS: Rt = 15.28 min; M+ = 164.0 calculated for C10H9Cl, experimental = 164.1. 
1,3-dichloro-1,3-cyclohexadiene (2.78a) 
 
 Diketone 2.78 (224 mg, 2.00 mmol) was dissolved in CH2Cl2 (10 mL) along with 
triphosgene (593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). Without aqueous workup, 














1% Et3N, using 100% n-hexanes to afford bis(vinyl chloride) 2.78a (120 mg, 0.81 mmol) as yellow 
oil. 1H NMR (400 MHz, CDCl3); δ (ppm) = 5.99 (q, J = 1.6 Hz, 1H), 5.75 (td, J = 4.5, 1.6 Hz, 1H), 
2.56-2.50 (m, 2H), 2.47-2.40 (m, 2H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 134.71, 126.73, 
123.86, 119.74, 29.89, 24.40. IR (cm-1): f = 2949, 2886, 2832, 1632, 1591, 1351, 1059, 805, 766, 
731. GC-MS: Rt = 10.31 min; M+ = 148.0 calculated for C6H6Cl2, experimental = 148.0. 
3-chloro-1-phenylbutadiene (2.79a) 
 
 Ketone 2.79 (292 mg, 2.00 mmol) was dissolved in CH2Cl2 (4 mL) along with triphosgene 
(593 mg, 2.00 mmol) and pyridine (647 µL, 8.00 mmol). After aqueous workup, the crude mixture 
was purified with column chromatography on silica gel using 100% n-hexanes to afford divinyl 
chloride 2.79a (81 mg, 0.49 mmol) as orange oil, which appeared to rapidly decompose upon 
isolation. GCMS: Rt = 14.87 min; M+ = 164.0 calculated for C10H9Cl, experimental = 164.1. 
Compound 2.79a is known (CAS# 92544-41-7).  
 
6.3.4 Synthesis of Ketone 2.80 
 
(E)-N-methoxy-N-methylbut-2-enamide (2.83) 
 In a 100-mL round bottom flask, ethyl crotonate 2.82 (2.2 mL, 17.5 mmol) was dissolved 
in 30 mL of THF. N,O-dimethylhydroxylamine (3.42 g, 35.0 mmol) was added in one portion and 




























addition funnel. After stirring at 0 °C for one hour, the reaction mixture was quenched with half 
saturated NH4Cl (50 mL). The aqueous layer was then extracted with CH2Cl2 (3 x 50 mL) and the 
organic layers were then combined, dried over Na2SO4, and concentrated under vacuum to give 
amide 2.83 as yellow oil. Compound 2.83 is known (CAS# 121712-52-5). 1H NMR (400 MHz, 
CDCl3) δ = 6.97 (ddd, J = 15.5, 7.3, 3.3 Hz, 1H), 6.46 – 6.35 (m, 1H), 3.68 (s, 3H), 3.22 (s, 3H), 
1.89 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 169.94, 142.82, 120.15, 61.61, 
32.28, 18.16.  
(E)-1-phenylbut-2-en-1-one (2.80) 
 The resulting crude mixture 2.83 was dissolved in CH2Cl2 (15 mL) and cooled to -78 °C. 
PhMgBr (21 mL, 21.1 mmol) was added dropwise using addition funnel. The reaction mixture was 
then stirred to warm to room temperature until the starting material was fully consumed, and 
quenched with half saturated NH4Cl (30 mL). The aqueous layer was then extracted with CH2Cl2 
(3 x 50 mL) and the organic layers were then combined, dried over Na2SO4, and concentrated 
under vacuum. The resulting crude was purified with 100% n-hexanes and n-hexanes:EtOAc = 
98:2 ® 90:10 to give 2.80 as yellow oil with a yield of 24% (410 mg, 2.81 mmol) over 2 steps. 
Compound 2.80 is known (CAS#495-41-0). 
1H NMR (400 MHz, CDCl3) δ = 7.95 (d, J = 7.7 Hz, 2H), 7.57 (t, J = 7.0 Hz, 1H), 7.48 (t, 
J = 7.3 Hz, 2H), 7.10 (dq, J = 13.5, 6.3 Hz, 1H), 6.93 (d, J = 15.4 Hz, 1H), 2.02 (d, J = 6.7 Hz, 
3H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 190.75, 145.01, 137.89, 132.54, 128.47, 127.52, 






6.4 Experimental Procedures for a-Functionalization of 2-Amidoallyl Cation  
6.4.1 Preparation of a-hydroxy Enamide Starting Material 4.22 and 4.29     
	
4-N-Dimethyl-N-(5-oxo-cyclopent-1-enyl)-benzenesulfonamide (4.28) 
 Enol 4.26 (900 mg, 9.18 mmol) was dissolved in dry toluene (40 mL) in the presence of 
oven dried 4Å molecular sieves (2.00 g). p-TsOH•H2O (349 mg, 1.84 mmol) was then added, 
followed by addition of p-toluenesulfonamide (1.57 g, 9.18 mmol), and the reaction mixture was 
let to stir on reflux. After stirring overnight, the mixture was concentrated under vacuum and then 
purified with flash column chromatography using n-hexanes:CH2Cl2 = 50:50, CH2Cl2 100%, and 
CH2Cl2:EtOAc = 98:2 ® 90:10 to give product 4.27 (1.35 g, 59% yield) as yellow crystals.  
 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.74 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.3 Hz, 2H), 
7.08 (t, J = 3.1 Hz, 1H), 6.92 (bs, 1H), 2.54 (td, J = 4.2, 2.5 Hz, 2H), 2.41 (s, 3H), 2.35 (t, J = 4.2 
Hz). 13C NMR (100 MHz, CDCl3): δ (ppm) = 202.27, 144.32, 136.51, 136.47, 135.79, 129.71, 
127.12, 32.33, 24.31, 21.50. IR (cm-1): f = 3231, 2923, 1699, 1634, 1439, 1349, 1286, 1186, 1161, 
867, 705. HRMS (M+H)+ = 252.0689 calculated for C12H14NO3S; experimental = 252.0684. 
4-N-Dimethyl-N-(5-oxo-cyclopent-1-enyl)-benzenesulfonamide (4.28) 
Compound 4.27 (500 mg, 1.99 mmol) was dissolved in dry acetone (6 mL) in a pressure 







































subsequently. After stirring on reflux overnight, the reaction was quenched with H2O (10 mL) and 
the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic layers were dried 
over Na2SO4 and concentrated under vacuum. The crude material was purified with flash column 
chromatography with n-hexanes:EtOAc = 85:15 ® 55:45 to give product 4.28 (439 mg, 83% 
yield) as orange solids. 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.67 (d, J = 8.1 Hz, 2H), 7.67 (t, J = 3.5 Hz, 1H), 
7.28 (d, J = 8.0 Hz, 2H), 3.15 (s, 3H), 2.67 – 2.63 (m, 2H), 2.41 (s, 3H), 2.40 - 2.37 (m, 2H). 13C 
NMR (100 MHz, CDCl3): δ (ppm) = 203.71, 156.50, 143.76, 142.00, 135.38, 129.55, 127.28, 
35.15, 33.68, 24.44, 21.48. IR (cm-1): f = 2922, 1712, 1575, 1348, 1159, 1089, 1026, 814, 665. 
HRMS (M+H)+ = 266.0845 calculated for C13H16NO3S; experimental = 266.0844. 
N-(5-Hydroxy-5-phenyl-cyclopent-1-enyl)-4,N-dimethyl-benzenesulfonamide (4.22)   
 
Compound 4.28 (598 mg, 2.26 mmol) was dissolved in dry CH2Cl2 (11.3 mL) and cooled 
to 0 ºC. Phenylmagnesium bromide (1.5 mL, 3 M solution in Et2O) was then added dropwise at 0 
ºC. After stirring for 5 hours at room temperature, the reaction was cooled to 0 ºC, and then 
quenched with H2O (20 mL). Solid precipitate was filtered through celite, and the aqueous layer 
was extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The crude material was purified with flash column chromatography 
(buffered with 1% Et3N) with n-hexanes:EtOAc = 95:5 ® 65:35  to give product 4.22 (681 mg, 















1H NMR (500 MHz, CDCl3): δ (ppm) = 7.61 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 
7.37 – 7.26 (m, 5H), 5.62 (t, J = 2.3 Hz, 1H), 4.57 (s, 1H), 2.72 (s, 3H), 2.68 – 2.58 (m, 1H), 2.45 
(s, 3H), 2.42 – 2.38 (m, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 147.30, 145.58, 143.93, 
133.26, 130.58, 129.40, 127.95, 127.93, 126.65, 125.30, 84.44, 43.10, 39.71, 27.39, 21.51.	IR (cm-
1): f = 3487, 3056, 2929, 2851, 1597, 1493, 1447, 1336, 1152, 1089, 1023, 812, 760. HRMS (M-





Compound 4.28 (70 mg, 0.26 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. Tolylmagnesium bromide (0.53 mL, 1 M solution in THF) was then added dropwise at 0 ºC. 
After stirring overnight at room temperature, the reaction was cooled to 0 ºC and quenched with 
H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer was then extracted 
with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na2SO4 and concentrated 
under vacuum. The crude material was purified with flash column chromatography (buffered with 
1% Et3N) using n-hexanes:EtOAc = 98:2 ® 80:20 to give product 4.29a (53 mg, 57% yield) as 
yellow solids. 
CH2Cl2












1H NMR (400 MHz, CDCl3); δ (ppm) = 7.61 (d, J = 8.1 Hz, 2H), 7.30 (t, J = 8.4 Hz, 4H), 
7.14 (d, J = 8.0 Hz, 2H), 5.58 (t, J = 2.3 Hz, 1H), 4.47 (s, 1H), 2.73 (s, 3H), 2.65 – 2.55 (m, 1H), 
2.44 (s, 3H), 2.38 – 2.32 (m, 6H). 13C NMR (100 MHz, CDCl3); δ (ppm) = 147.45, 143.89, 142.60, 
136.16, 133.34, 130.40, 129.39, 128.70, 127.98, 125.23, 84.37, 43.19, 39.75, 27.37, 21.55, 21.00. 
IR (cm-1): f = 3489, 3024, 2924, 2854, 1335, 1151, 1088, 813. HRMS (M-OH)+ = 340.1366 




Compound 4.28 (62 mg, 0.23 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. p-chlorophenylmagnesium bromide (0.46 mL, 1 M solution in Et2O) was then added 
dropwise at 0 ºC. After stirring for 3 hours at room temperature, the reaction was cooled to 0 ºC 
and quenched with H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer 
was then extracted with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na2SO4 
and concentrated under vacuum. The crude material was purified with flash column 
chromatography (buffered with 1% Et3N) using n-hexanes:EtOAc = 98:2 ® 80:20 to give product 
4.29b (66 mg, 75% yield) as yellow solids. 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.59 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 8.8 Hz, 2H), 
7.30 (d, J = 7.2 Hz, 4H), 5.59 (t, J = 2.1 Hz, 1H), 4.62 (s, 1H), 2.73 (s, 3H), 2.66 – 2.58 (m, 1H), 
2.44 (s, 3H), 2.41 – 2.29 (m, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 147.16, 144.31, 144.12, 
133.02, 132.49, 130.82, 129.47, 128.12, 127.96, 126.90, 84.19, 43.15, 39.86, 27.39, 21.56. IR (cm-
CH2Cl2












1): f = 3485, 2927, 2854, 1489, 1335, 1151, 1088, 812. HRMS (M+Na)+ = 400.0750 calculated for 




Compound 4.28 (67 mg, 0.25 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. 3,5-bis-trifluoromethyl-phenylmagnesium bromide (1.0 mL, 0.5 M solution in THF) was 
then added dropwise at 0 ºC. After stirring for 1 hour at room temperature, the reaction was cooled 
to 0 ºC and quenched with H2O (5 mL). Solid precipitate was filtered through celite, and the 
aqueous layer was then extracted with CH2Cl2 (3 x 5 mL). The combined organic layers were dried 
over Na2SO4 and concentrated under vacuum. The crude material was purified with flash column 
chromatography (buffered with 1% Et3N) using n-hexanes:EtOAc = 98:2 ® 80:20 to give product 
4.29c (120 mg, 99% yield) as yellow crystals. 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.89 (s, 2H), 7.78 (s, 1H), 7.60 (d, J = 8.2 Hz, 2H), 
7.32 (d, J = 8.0 Hz, 2H), 5.69 (t, J = 2.7 Hz, 1H), 4.95 (s, 1H), 2.78 (s, 3H), 2.73 – 2.65 (m, 1H), 
2.50 – 2.37 (m, 5H), 2.29 – 2.22 (m, 1H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 148.84, 146.50, 
144.52, 132.55, 132.28, 131.46, 131.14, 129.58, 127.97, 127.28, 125.92, 124.80, 122.10, 120.83, 
84.38, 43.53, 40.05, 27.42, 21.55. IR (cm-1): f = 3473, 2936, 1337, 1275, 1125, 897, 829, 812. 
HRMS (M+H)+ = 480.1063 calculated for C21H20F6NOS; experimental = 480.1075.  X-ray 
structure (CCDC 1483744): 
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Compound 4.28 (75 mg, 0.28 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. 3-methyl-2-thienylmagnesium bromide (1.12 mL, 0.5 M solution in THF) was then added 
dropwise at 0 ºC. After stirring for 1 hour at room temperature, the reaction was cooled to 0 ºC and 
quenched with H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer 
was then extracted with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na2SO4 
and concentrated under vacuum. The crude material was purified with flash column 
chromatography (buffered with 1% Et3N) using n-hexanes:EtOAc = 98:2 ® 80:20 to give product 
4.29d (23 mg, 23% yield) as yellow oil. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.63 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 
7.11 (d, J = 5.1 Hz, 1H), 6.80 (d, J = 5.1 Hz, 1H), 5.58 (t, J = 2.6 Hz, 1H), 5.06 (s, 1H), 2.78 (s, 
3H), 2.62 (dddd, J = 16.6, 8.2, 5.9, 2.3 Hz, 1H), 2.50-2.37 (m, 6H), 2.15 (s, 3H). 13C NMR (125 
MHz, CDCl3): δ (ppm) = 145.68, 144.06, 143.79, 133.21, 131.52, 131.20, 131.03, 129.49, 128.10, 
CH2Cl2















122.17, 83.33, 40.91, 39.33, 27.09, 21.57, 14.46. IR (cm-1): f = 3381, 2922, 2855, 1453, 1403, 
1349, 1158, 1088, 814, 712. HRMS (M-OH)+ = 346.0930 calculated for C18H20NO2S2; 
experimental = 346.0939. 
N-(5-hydroxy-5-methylcyclopent-1-enyl)-N,4-dimethylbenzenesulfonamide (4.29e) 
 
Compound 4.28 (1.12 g, 4.23 mmol) was dissolved in dry CH2Cl2 (20 mL) and cooled to 
0 °C. Methylmagnesium bromide (2.8 mL, 3 M solution in Et2O) was then added dropwise at 0 
ºC. After stirring for 6 hours at room temperature, the reaction was cooled to 0 ºC and quenched 
with H2O (40 mL). Solid precipitate was filtered through celite, and the aqueous layer was then 
extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The crude material was purified with flash column chromatography 
(buffered with 1% Et3N) using n-hexanes:EtOAc = 95:5 ® 65:35 to give product 4.29e (811 mg, 
68% yield) as yellow oil. 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.70 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 
5.31 (t, J = 2.5 Hz, 1H), 3.89 (s, 1H), 2.94 (s, 3H), 2.50 – 2.45 (m, 1H), 2.44 (s, 3H), 2.20 – 2.07 
(m, 2H), 2.01 – 1.90 (m, 1H), 1.44 (s, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 148.25, 143.94, 
132.71, 129.38, 129.27, 128.10, 80.36, 40.28, 39.98, 26.66, 25.98, 21.56.	IR (cm-1): f = 3518, 2967, 
1598, 1495, 1451, 1334, 1260, 1218, 1153, 1118, 1087, 1017, 917, 862, 809, 707. HRMS (M-



















Compound 4.28 (63 mg, 0.24 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. Allylmagnesium bromide (0.48 mL, 1 M solution in Et2O) was then added dropwise at 0 ºC. 
After stirring for 2 hours at room temperature, the reaction was cooled to 0 ºC and quenched with 
H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer was then extracted 
with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na2SO4 and concentrated 
under vacuum. The crude material was purified with flash column chromatography (buffered with 
1% Et3N) using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.29f (36 mg, 49% yield) as 
yellow oil. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.03 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 8.0 Hz, 2H), 
6.19 - 6.11 (m, 1H), 5.67 (t, J = 3.0 Hz, 1H), 5.55 - 5.37 (m, 2H), 4.45 (s, 1H), 3.25 (s, 3H), 292 
(dd, J = 14.0, 7.0 Hz, 1H), 2.81 (dd, J = 14.0, 7.5 Hz, 1H), 2.79 – 2.72 (m, 4H), 2.48 – 2.39 (m, 
2H), 2.33 – 2.27 (m, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 147.25, 144.02, 134.05, 132.27, 
130.47, 129.37, 128.15, 117.89, 82.53, 43.45, 40.33, 36.56, 26.76, 21.55. IR (cm-1): f = 3509, 2975, 
2927, 1336, 1154, 1088, 985, 919, 812, 667, 552. HRMS (M–OH)+ = 290.1209 calculated for 
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Compound 4.28 (76 mg, 0.29 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. Octylmagnesium bromide (0.29 mL, 2 M solution in Et2O) was then added dropwise at 0 ºC. 
After stirring for 2 hours at room temperature, the reaction was cooled to 0 ºC and quenched with 
H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer was then extracted 
with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na2SO4 and concentrated 
under vacuum. The crude material was purified with flash column chromatography (buffered with 
1% Et3N) using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.29g (69 mg, 63% yield) as 
yellow oil. 
 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.70 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 
5.31 (t, J = 2.2 Hz, 1H), 3.89 (s, 1H), 2.92 (s, 3H), 2.47 – 2.40 (m, 4H), 2.16 – 2.05 (m, 1H), 2.00 
(t, J = 5.8 Hz, 2H), 1.99 (t, J = 5.8 Hz, 2H), 1.84 (ddd, J = 13.1, 12.1, 4.4 Hz, 1H), 1.58 (ddd, J = 
13.2, 11.9, 4.2 Hz, 1H), 1.54 – 1.39 (m, 1H), 1.37 – 1.18 (m, 12H), 0.88 (t, J = 6.6 Hz, 3H). 13C 
NMR (100 MHz, CDCl3): δ (ppm) = 147.90, 143.94, 132.39, 129.97, 129.35, 128.19, 83.03, 40.38, 
38.71, 36.81, 31.88, 30.18, 29.62, 29.29, 26.83, 24.14, 22.67, 21.58, 14.11. IR (cm-1): f = 3518, 
2923, 2853, 1457, 1339, 1155, 1088, 1019, 812. HRMS (M–OH)+ = 362.2148 calculated for 
C21H32NO2S; experimental = 362.2146. 
N-(5-Hydroxy-5-isobutyl-cyclopent-1-enyl)-4,N-dimethyl-benzenesulfonamide (4.29h) 
	
Compound 4.28 (76 mg, 0.29 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. Isobutylmagnesium bromide (0.29 mL, 2 M solution in Et2O) was then added dropwise at 0 
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with H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer was then 
extracted with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The crude material was purified with flash column chromatography 
(buffered with 1% Et3N) using n-hexanes:EtOAc = 95:5 ® 70:30  to give product 4.29h (30 mg, 
32% yield) as yellow oil. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.69 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 
5.28 (t, J = 2.6 Hz, 1H), 3.82 (s, 1H), 2.91 (s, 3H), 2.50 – 2.41 (m, 4H), 2.15 – 2.04 (m, 2H), 2.00 
(dt, J = 13.2, 7.9 Hz, 1H), 1.91 – 1.84 (m, 2H), 1.41 (q, J = 7.8 Hz, 1H), 1.04 (d, J = 6.2 Hz, 3H), 
0.97 (d, J = 6.3 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 148.83, 143.93, 132.30, 129.52, 
129.33, 128.16, 83.02, 46.75, 40.48, 37.55, 26.94, 24.65, 24.60, 21.56. IR (cm-1): f = 3517, 2952, 
2928, 2868, 1452, 1337, 1155, 1088, 1012, 813. HRMS (M–OH)+ = 306.1522 calculated for 
C17H24NO2S; experimental = 306.1525. 
N-(5-Hydroxy-cyclopent-1-enyl)-4,N-dimethyl-benzenesulfonamide (4.29i) 
	
Compound 4.28 (65 mg, 0.25 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. DIBAL (0.49 mL, 1 M solution in heptane) was then added dropwise at 0 ºC. After stirring 
for 2 hours at room temperature, the reaction was cooled to 0 ºC and quenched with H2O (5 mL). 
Solid precipitate was filtered through celite, and the aqueous layer was then extracted with CH2Cl2 
(3 x 5 mL). The combined organic layers were dried over Na2SO4 and concentrated under vacuum. 
The crude material was purified with flash column chromatography (buffered with 1% Et3N) using 
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1H NMR (400 MHz, CDCl3): δ (ppm) = 7.62 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 
5.13 (t, J = 2.5 Hz, 1H), 5.06 (t, J = 6.0 Hz, 1H), 3.19 (s, 1H), 2.98 (s, 3H), 2.45 - 2.38 (m, 4H), 
2.32 - 2.24 (m, 1H), 2.17 (dddd, J = 16.6, 8.5, 3.7, 2.0 Hz, 1H), 1.87 (ddt, J = 13.4, 9.0, 4.7 Hz, 
1H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 145.24, 143.94, 133.39, 129.61, 127.24, 119.15, 
75.35, 37.49, 32.01, 27.17, 21.52. IR (cm-1): f = 3531, 3420, 2931, 2856, 1452, 1337, 1154, 1088, 
1055, 1027, 806. HRMS (M+H)+ = 268.1002 calculated for C13H18NO3S; experimental = 
268.0990.  
 
6.4.2 Characterization of a,a’-substituted Enamide Products 4.38 and 4.39  
N-(5-(1H-indol-3-yl)-2-phenylcyclopent-1-enyl)-N,4-dimethylbenzenesulfonamide (4.38) 
 
	 Compound 4.22 (20 mg, 0.06 mmol) and indole (14 mg, 0.12 mmol) were dissolved in dry 
CH2Cl2 (0.29 mL) and then pyridinium triflate (4.0 mg, 0.02 mmol) was added. Upon stirring at 
room temperature for 26 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.38 (21 mg, 79% yield) 
as pale yellow crystals.	
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.94 (s, 1H), 7.53 (dd, J = 7.9, 6.8 Hz, 3H), 7.40 
(d, J = 6.5 Hz, 2H), 7.35 (d, J = 8.1 Hz, 1H), 7.32 – 7.26 (m, 3H), 7.19 (t, J = 7.6 Hz, 1H), 7.09 
(dd, J = 8.1, 7.9 Hz, 3H), 6.78 (d, J = 2.2 Hz, 1H), 4.62 (t, J = 4.8 Hz, 1H), 3.17 – 3.10 (m, 1H), 
2.89 – 2.83 (m, 1H), 2.57 (s, 3H), 2.56 – 2.50 (m, 1H), 2.37 (s, 3H), 2.17 – 2.10 (m, 1H). 13C NMR 



















127.56, 127.28, 127.26, 126.44, 122.07, 121.83, 119.29, 119.28, 118.15, 111.19, 44.50, 37.57, 
33.72, 29.02, 21.42. IR (cm-1): f = 3397, 3056, 2929, 2853, 1598, 1494, 1456, 1340, 1152, 1089, 
1021, 813, 743. HRMS (M+H)+ = 443.1788 calculated for C27H27N2O2S; experimental = 





Compound 4.22 (20 mg, 0.06 mmol) and 5-methoxyindole (17 mg, 0.12 mmol) were 
dissolved in dry CH2Cl2 (0.29 mL) and then pyridinium triflate (4.0 mg, 0.02 mmol) was added. 
Upon stirring at room temperature for 46 hours, the reaction mixture was directly purified with 
flash column chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.39a (21 
mg, 76% yield) as white solid.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.82 (s, 1H), 7.52 (d, J = 8.2 Hz, 2H), 7.37 (dd, J 
= 7.7, 1.7 Hz, 2H), 7.28 (d, J = 8.8 Hz, 3H), 7.24 (d, J = 8.8 Hz, 2H), 7.08 (d, J = 8.1 Hz, 2H), 





















3.1 Hz, 1H), 3.84 (s, 3H), 3.16 – 3.06 (m, 1H), 2.88 – 2.82 (m, 1H), 2.60 (s, 3H), 2.55 (ddt, J = 
12.4, 6.1, 2.6 Hz, 1H), 2.37 (s, 3H), 2.11 (ddt, J = 13.2, 8.8, 4.1 Hz, 1H).	13C NMR (125 MHz, 
CDCl3): δ (ppm) = 153.77, 142.87, 138.48, 137.04, 136.92, 135.68, 131.79, 129.18, 128.19, 
127.56, 127.25, 127.19, 126.92, 122.70, 117.95, 111.88, 111.79, 101.30, 55.83, 44.43, 37.60, 
33.82, 28.98, 21.41. IR (cm-1): f = 3398, 2923, 2851, 1484, 1455, 1440, 1336, 1210, 1149, 1087, 
1022, 809, 734. HRMS (M+H)+ = 473.1893 calculated for C28H29N2O3S; experimental = 





Compound 4.22 (30 mg, 0.09 mmol) and 5-bromoindole (34 mg, 0.18 mmol) were 
dissolved in dry CH2Cl2 (0.44 mL) and then pyridinium triflate (6.0 mg, 0.03 mmol) was added. 
Upon stirring at room temperature for 24 hours, the reaction was directly purified with flash 
column chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.39b (37 mg, 





















1H NMR (500 MHz, CDCl3): δ (ppm) = 8.00 (s, 1H), 7.58 (d, J = 2.0 Hz, 1H), 7.48 (d, J = 
8.0 Hz, 2H), 7.33 (dd, J = 8.0, 2.0 Hz, 2H), 7.29 – 7.24 (m, 3H), 7.23 (d, J = 2.0 Hz, 1H), 7.19 (d, 
J = 8.0 Hz, 1H), 7.08 (d, J = 8.0 Hz, 2H), 6.83 (d, J = 2.0 Hz, 1H), 4.54 (dt, J = 9.5, 3.3 Hz, 1H), 
3.11 – 3.04 (m, 1H), 2.82 – 2.76 (m, 1H), 2.59 (s, 3H), 2.54 – 2.47 (m, 1H), 2.35 (s, 3H), 2.06 – 
2.00 (m, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.05, 138.20, 137.05, 136.91, 135.57, 
135.17, 129.25, 128.24, 127.66, 127.23, 127.13, 124.68, 123.22, 121.78, 117.92, 112.62, 112.51, 
44.10, 37.87, 33.69, 29.24, 21.46. IR (cm-1): f = 3383, 2934, 1459, 1335, 1150, 1087, 1020, 906, 
795, 727, 659. HRMS (M+H)+ = 521.0893 calculated for C27H26BrN2O2S; experimental = 
521.0890. 
Gram Scale Reaction: Compound 4.22 (1.00 g, 2.91 mmol) and 5-bromoindole (1.14 g, 
5.82 mmol) were dissolved in dry CH2Cl2 (14.6 mL) and then pyridinium triflate (200 mg, 0.87 
mmol) was added. Upon stirring at room temperature for 54 hours, the reaction was directly 
purified with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give 




Compound 4.22 (30 mg, 0.09 mmol) and methyl indole-5-carboxylate (31 mg, 0.18 mmol) 
were dissolved in dry CH2Cl2 (0.44 mL) and then pyridinium triflate (6.0 mg, 0.03 mmol) was 





















with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.39c 
(32 mg, 74% yield) as white crystals. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.31 (s, 1H), 8.12 (s, 1H), 7.88 (d, J = 8.6 Hz, 1H), 
7.50 (d, J = 7.8 Hz, 2H), 7.32 (dd, J = 11.7, 7.7 Hz, 3H), 7.25 (d, J = 6.6 Hz, 3H), 7.07 (d, J = 7.8 
Hz, 2H), 6.88 (s, 1H), 4.69 (d, J = 8.5 Hz, 1H), 3.93 (s, 3H), 3.22 – 3.10 (m, 1H), 2.81 – 2.77 (m, 
1H), 2.61 – 2.49 (m, 1H), 2.54 (s, 3H) 2.32 (s, 3H), 2.08 – 2.04 (m, 1H). 13C NMR (125 MHz, 
CDCl3): δ (ppm) = 168.05, 142.98, 139.22, 138.19, 137.07, 136.85, 135.76, 129.24, 128.20, 
127.62, 127.24, 127.18, 126.03, 123.33, 123.31, 122.24, 121.33, 119.66, 110.84, 51.82, 44.34, 
37.83, 34.01, 29.33, 21.40. IR (cm-1): f = 3361, 2925, 2852, 1709, 1617, 1436, 1340, 1243, 1152, 





Compound 4.22 (26 mg, 0.08 mmol) and N-methylindole (19 µL, 0.15 mmol) were 
dissolved in dry CH2Cl2 (0.38 mL) and then pyridinium triflate (5.0 mg, 0.02 mmol) was added. 
Upon stirring at room temperature for 66 hours, the reaction mixture was directly purified with 
flash column chromatography using n-hexanes : EtOAc = 95:5 ® 75:25 to give product 4.39e (25 
mg, 70% yield) as white solid.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.51 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.1 Hz, 1H), 


















2H), 7.04 (t, J = 7.3 Hz, 1H), 6.46 (s, 1H), 4.54 (t, J = 4.9 Hz, 1H), 3.64 (s, 3H), 3.13 (dddd, J = 
16.0, 9.5, 6.5, 2.9 Hz, 1H), 2.84 (dddd, J = 16.0, 9.5, 4.5, 1.4 Hz, 1H), 2.56 (s, 3H), 2.51 (ddt, J = 
13.5, 9.5, 4.5 Hz, 1H), 2.38 (s, 3H), 2.10 (ddt, J = 13.5, 9.5, 4.5 Hz, 1H). 13C NMR (125 MHz, 
CDCl3): δ (ppm) = 142.75, 138.52, 137.41, 137.35, 136.91, 135.64, 129.15, 128.20, 127.56, 
127.30, 127.25, 126.93, 126.79, 121.34, 119.40, 118.73, 116.51, 109.21, 44.30, 37.66, 33.68, 
32.48, 29.17, 21.43. IR (cm-1): f = 2924, 2852, 1598, 1467, 1445, 1341, 1329, 1260, 1151, 1088, 





Compound 4.22 (30 mg, 0.09 mmol) and 2-phenylindole (34 mg, 0.18 mmol) were 
dissolved in dry CH2Cl2 (0.44 mL) and then pyridinium triflate (6.0 mg, 0.03 mmol) was added. 
Upon stirring at room temperature for 72 hours, the reaction was directly purified with flash 
column chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.39f(35 mg, 
78% yield) as pale yellow crystals  
1H NMR (500 MHz, CDCl3): δ (ppm) =  8.04 (s, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.54 (d, J 
= 7.3 Hz, 2H), 7.47 (t, J = 7.6 Hz, 2H), 7.40 (d, J = 6.8 Hz, 3H), 7.37 (d, J = 8.1 Hz, 1H), 7.30 – 
7.24 (m, 3H), 7.22 (d, J = 8.2 Hz, 2H), 7.17 (t, J = 7.2 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 6.90 (d, J 
= 8.1 Hz, 2H), 4.81 (t, J = 4.9 Hz, 1H), 3.14 (dddd, J = 15.7, 9.2, 5.6, 2.9 Hz, 1H), 3.03 – 2.92 (m, 




















NMR (125 MHz, CDCl3): δ (ppm) = 142.45, 138.60, 137.50, 136.56, 136.24, 135.91, 135.55, 
132.83, 128.98, 128.74, 128.61, 128.20, 127.89, 127.87, 127.52, 127.40, 127.11, 122.02, 120.11, 
119.63, 114.97, 110.99, 44.17, 36.40, 34.28, 29.44, 21.45.	IR (cm-1): f = 3341, 2925, 1453, 1341, 
1260, 1151, 1088, 1018, 906, 812, 728. HRMS (M+H)+ = 519.2101 calculated for C33H31N2O2S; 





Compound 4.22 (33 mg, 0.10 mmol) and 5-methoxy-1H-benzo[g]indole (21 mg, 0.11 
mmol) were dissolved in dry CH2Cl2 (0.48 mL) and then pyridinium triflate (6.6 mg, 0.03 mmol) 
was added. Upon stirring at room temperature for 44 hours, the reaction mixture was directly 
purified with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give 
product 4.39g (27 mg, 61% yield) as yellow oil that became darker upon storing. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.55 (s, 1H), 8.32 (d, J = 8.4 Hz, 1H), 7.90 (d, J = 





















= 7.2 Hz, 2H), 7.29 – 7.24 (m, 3H), 6.99 (dd, J = 5.5, 2.8 Hz, 3H), 6.77 (s, 1H), 4.64 (dt, J = 9.5, 
3.4 Hz, 1H), 3.98 (s, 3H), 3.15 (dddd, J = 16.1, 9.4, 6.9, 2.8 Hz, 1H), 2.86 (ddd, J = 15.2, 9.0, 3.6 
Hz, 1H), 2.63 – 2.55 (m, 4H), 2.25 (s, 3H), 2.11 (ddt, J = 13.1, 8.6, 4.1 Hz, 1H). 13C NMR (125 
MHz, CDCl3): δ (ppm) = 149.90, 142.84, 138.77, 137.02, 136.84, 135.69, 129.12, 128.22, 127.58, 
127.17, 127.14, 126.21, 126.07, 123.44, 123.40, 123.31, 122.25, 121.66, 119.84, 119.80, 119.11, 
96.70, 55.76, 44.40, 37.67, 33.83, 29.43, 21.29. IR (cm-1): f = 3377, 2937, 2849, 1632, 1598, 1483, 
1445, 1385, 1336, 1220, 1149, 1088, 1025, 953, 909, 832, 762, 731. HRMS (M+H)+ = 523.2050 
calculated for C32H31N2O3S; experimental = 523.2058. 
N,4-dimethyl-N-(2-phenyl-5-(3-phenylpropoxy)cyclopent-1-enyl)benzenesulfonamide (4.41a) 
	
Compound 4.22 (26 mg, 0.07 mmol) and 3-phenyl-1-propanol 4.40a (20 µL, 0.14 mmol) 
were dissolved in dry CH2Cl2 (0.37 mL) and then pyridinium triflate (5.0 mg, 0.02 mmol) was 
added. Upon stirring at room temperature for 24 hours, the reaction mixture was directly purified 
with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 80:20 to give product 4.41a 
(24 mg, 81% yield) as yellow solid.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.71 (d, J = 8.2 Hz, 2H), 7.42 (dd, J = 7.8, 1.9 Hz, 
2H), 7.31 – 7.25 (m, 5H), 7.23 (d, J = 8.0 Hz, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 7.2 Hz, 
2H), 4.69 (dt, J = 6.9, 2.5 Hz, 1H), 3.41 (dt, J = 9.0, 6.5 Hz, 1H), 3.09 (dt, J = 9.0, 6.5 Hz, 1H), 
3.00 (s, 3H), 2.94 (dddd, J = 16.6, 8.4, 5.6, 2.5 Hz, 1H), 2.64 – 2.47 (m, 3H), 2.39 (s, 3H), 2.23 – 
2.14 (m, 1H), 1.91 – 1.82 (m, 1H), 1.75 – 1.66 (m, 2H).	13C NMR (125 MHz, CDCl3): δ (ppm) = 




















127.32, 125.76, 85.01, 68.35, 37.91, 32.44, 31.90, 31.65, 27.12, 21.47.	IR (cm-1): f = 2922, 2852, 
1598, 1495, 1453, 1344, 1260, 1153, 1086, 1026, 962, 809. HRMS (M+H)+ = 462.2097 calculated 
for C28H32NO3S; experimental = 462.2081. 
N-[5-Cyclohexyloxy-2-phenyl-cyclopent-1-enyl]-4,N-dimethyl-benzenesulfonamide (4.41b) 
 
Compound 4.22 (24 mg, 0.07 mmol) and cyclohexanol 4.40b (15 µL, 0.14 mmol) were 
dissolved in dry CH2Cl2 (0.35 mL) and then pyridinium triflate (5.0 mg, 0.02 mmol) was added. 
Upon stirring at room temperature for 70 hours, the reaction mixture was directly purified with 
flash column chromatography using n-hexanes:EtOAc = 95:5 ® 80:20 to give product 4.41b (21 
mg, 71% yield) as yellow crystals. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.67 (d, J = 8.3 Hz, 2H), 7.36 (dd, J = 6.7, 3.7 Hz, 
2H), 7.26 – 7.21 (m, 5H), 4.72 (dt, J = 7.4, 2.7 Hz, 1H), 3.07 (s, 3H), 2.90 (dddt, J = 14.4, 8.7, 5.3, 
2.6 Hz, 2H), 2.59 (ddd, J = 16.2, 8.8, 4.0 Hz, 1H), 2.41 (s, 3H), 2.25 (dddd, J = 14.0, 8.9, 7.4, 5.3 
Hz, 1H), 1.82 (dddd, J = 13.4, 8.9, 4.0, 2.9 Hz, 2H), 1.69 (ddq, J = 9.3, 4.7, 2.4 Hz, 1H), 1.65 – 
1.47 (m, 3H), 1.21 – 1.02 (m, 5H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.07, 141.10, 137.20, 
136.29, 134.87, 129.38, 128.11, 127.97, 127.44, 127.27, 83.52, 78.02, 38.14, 33.73, 32.68, 31.82, 
29.43, 25.65, 24.44, 24.36, 21.47. IR (cm-1): f = 2929, 2854, 1494, 1448, 1346, 1155, 1088, 1027, 
966, 835, 813, 763. HRMS (M+H)+ = 426.2097 calculated for C25H32NO3S; experimental = 






















Compound 4.22 (26 mg, 0.07 mmol) and thiophenol 4.40c (15 µL, 0.14 mmol) were 
dissolved in dry CH2Cl2 (0.37 mL) and then pyridinium triflate (5.0 mg, 0.02 mmol) was added. 
Upon stirring at room temperature for 27 hours, the reaction mixture was directly purified with 
flash column chromatography using n-hexanes:EtOAc = 95:5 ® 85:15 to give product 4.41c (23 
mg, 72% yield) as white crystals. 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.77 (d, J = 8.0 Hz, 2H), 7.35 (dd, J = 8.0, 1.8 Hz, 
2H), 7.32 – 7.27 (m, 4H), 7.24 (dd, J = 7.0, 7.0 Hz, 4H), 7.19 (d, J = 8.0 Hz, 2H), 4.78 (dd, J = 
8.3, 2.5 Hz, 1H), 3.03 – 2.94 (m, 1H), 2.94 (s, 3H), 2.55 – 2.41 (m, 2H), 2.37 (s, 3H), 2.23 – 2.12 
(m, 1H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 143.37, 139.39, 136.60, 136.07, 135.30, 134.76, 
130.46, 129.54, 128.77, 128.29, 128.17, 127.32, 127.06, 126.41, 56.85, 38.11, 32.47, 29.82, 21.49.	
IR (cm-1): f = 3056, 2924, 2851, 1597, 1583, 1494, 1479, 1438, 1344, 1260, 1153, 1088, 1039, 
1025, 946, 910, 810, 735. HRMS (M+H)+ = 436.1399 calculated for C25H26NO2S2; experimental 






















Compound 4.22 (24 mg, 0.07 mmol) and pyrrole 4.40d (10 µL, 0.14 mmol) were dissolved 
in dry CH2Cl2 (0.35 mL) and then pyridinium triflate (4.8 mg, 0.02 mmol) was added. Upon 
stirring at room temperature for 240 hours, the reaction mixture was directly purified with flash 
column chromatography using n-hexanes:EtOAc = 95:5 ® 70:30  to give product 4.41d (11 mg, 
40% yield) as colorless oil.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.50 (s, 1H), 7.48 (d, J = 8.3 Hz, 2H), 7.20 – 7.16 
(m, 3H), 7.14 (d, J = 8.1 Hz, 2H), 7.08 (dd, J = 7.9, 1.8 Hz, 2H), 6.70 (td, J = 2.7, 2.7, 1.5 Hz, 1H), 
6.13 (q, J = 2.9, 2.9, 2.8 Hz, 1H), 5.96 (td, J = 2.9, 2.8, 1.6 Hz, 1H), 4.36 (ddt, J = 8.5, 6.3, 2.1, 
2.1 Hz, 1H), 2.87 (dddd, J = 16.4, 8.9, 5.4, 2.4 Hz, 1H), 2.72 (dddd, J = 16.0, 8.3, 6.0, 1.9 Hz, 1H), 
2.54 (s, 3H), 2.44 (dtd, J = 12.8, 8.7, 8.7, 5.4 Hz, 1H), 2.38 (s, 3H), 2.17 (ddt, J = 12.6, 8.9, 6.1, 
6.1 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.44, 137.98, 137.93, 135.91, 135.26, 
133.00, 129.28, 127.98, 127.57, 127.48, 126.97, 116.71, 108.27, 104.30, 45.70, 37.14, 33.22, 
28.27, 21.48.	IR (cm-1): f = 3394, 2925, 2851, 1597, 1494, 1444, 1336, 1263, 1149, 1087, 1021, 

























Compound 4.22 (20 mg, 0.06 mmol) and 1-phenyl-1-trimethyl-siloxyethylene 4.40e (24 
µL, 0.12 mmol) were dissolved in dry CH2Cl2 (0.29 mL) and then pyridinium triflate (4.0 mg, 0.02 
mmol) was added. Upon stirring at room temperature for 22 hours, the reaction mixture was 
directly purified with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 80:20 to 
give product 4.41e (14 mg, 53% yield) as pale yellow crystals.  
 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.93 (dd, J = 8.3, 1.2 Hz, 2H), 7.61 (d, J = 8.3 Hz, 
2H), 7.56 (tt, J = 7.4, 1.5 Hz, 1H), 7.46 (td, J = 7.7, 1.7 Hz, 2H), 7.22 – 7.14 (m, 5H), 7.05 (dd, J 
= 8.0, 1.5 Hz, 2H), 3.86 – 3.79 (m, 1H), 3.18 (dd, J = 16.5, 3.0 Hz, 1H), 2.91 – 2.81 (m, 5H), 2.55 
(dddd, J = 16.0, 9.1, 4.7, 1.4 Hz, 1H), 2.34 – 2.26 (m, 4H), 1.70 (ddt, J = 13.7, 9.3, 4.6 Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ (ppm) = 199.30, 143.41, 138.39, 136.92, 136.82, 136.38, 135.85, 
132.97, 129.59, 128.54, 128.14, 128.13, 127.50, 127.30, 127.19, 43.06, 41.49, 37.88, 33.50, 27.09, 
21.34. IR (cm-1): f = 2917, 2850, 1684, 1598, 1494, 1448, 1347, 1280, 1156, 1089, 1027, 834, 761. 



























Compound 4.22 (25 mg, 0.07 mmol) and (S)-1-phenyl-2-propanol 4.40f (20 mg, 0.15 
mmol) were dissolved in dry CH2Cl2 (0.37 mL) and then pyridinium triflate (5.0 mg, 0.02 mmol) 
was added. Upon stirring at room temperature for 119 hours, the reaction mixture was directly 
purified with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 80:20 to give a 
mixture of diastereomers 4.41f (23 mg, 68% yield) as colorless oil 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.69 (d, J = 8.1 Hz, 4H), 7.30 – 7.22 (m, 20H), 
7.19 (dd, J = 7.8, 1.3 Hz, 2H), 7.12 (d, J = 7.4 Hz, 2H), 4.82 (dt, J = 6.8, 2.2 Hz, 1H), 4.74 (dt, J 
= 6.9, 2.5 Hz, 1H), 3.61 (dt, J = 8.1, 5.9 Hz, 1H), 3.55 (q, J = 6.3 Hz, 1H), 3.07 (s, 3H), 2.94 (dddd, 
J = 16.4, 8.2, 6.5, 3.1 Hz, 1H), 2.88 (s, 3H), 2.85 (dd, J = 13.3, 6.5 Hz, 1H), 2.81 – 2.72 (m, 2H), 
2.64 – 2.48 (m, 3H), 2.44 (dd, J = 13.1, 4.8 Hz, 2H), 2.40 (s, 3H), 2.37 (s, 3H), 2.29 (ddt, J = 16.0, 
8.7, 3.6 Hz, 1H), 2.12 – 2.02 (m, 1H), 1.89 (ddt, J = 15.5, 8.7, 3.3 Hz, 1H), 1.09 (d, J = 6.0 Hz, 
3H), 0.97 (d, J = 6.1 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.20, 143.13, 141.23, 
141.16, 139.12, 138.82, 136.97, 136.90, 136.36, 136.26, 134.98, 134.96, 129.51, 129.45, 129.40, 
128.27, 128.16, 128.14, 128.08, 127.94, 127.46, 127.45, 127.23, 127.22, 126.01, 125.94, 83.97, 
83.64, 76.70, 76.22, 44.07, 43.39, 38.11, 37.84, 32.02, 31.86, 29.49, 28.44, 21.44, 21.42, 20.48, 
19.69. IR (cm-1): f = 2929, 1658, 1493, 1451, 1344, 1154, 1089, 1029, 835, 813, 698, 661, 599, 
























6.4.3 Characterization of a,a’-substituted Enamide Products 4.42 
N-[5-(1H-Indol-3-yl)-2-p-tolyl-cyclopent-1-enyl]-4,N-dimethyl-benzenesulfonamide (4.42a) 
 
Compound 4.29a (25 mg, 0.07 mmol) and indole (16 mg, 0.14 mmol) were dissolved in 
dry CH2Cl2 (0.35 mL) and then pyridinium triflate (5.0 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 22 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.42a (25 mg, 79% yield) 
as white crystals. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.86 (s, 1H), 7.50 (dd, J = 8.0, 6.2 Hz, 3H), 7.33 
(d, J = 8.0 Hz, 1H), 7.30 – 7.25 (m, 4H), 7.15 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.10 – 7.01 (m, 4H), 
6.74 (d, J = 2.5 Hz, 1H), 4.56 (dd, J = 8.8, 4.3 Hz, 1H), 3.09 (dddd, J = 16.0, 9.4, 6.6, 2.9 Hz, 1H), 
2.81 (dddd, J = 16.1, 9.6, 4.3, 1.3 Hz, 1H), 2.55 (s, 3H), 2.54 – 2.47 (m, 1H), 2.35 (s, 3H), 2.34 (s, 
3H), 2.09 (ddt, J = 13.5, 9.0, 4.3 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 142.81, 137.71, 
137.41, 137.17, 136.94, 136.65, 132.66, 129.16, 128.86, 127.25, 127.13, 126.42, 122.05, 121.77, 
119.30, 119.22, 118.21, 111.18, 44.43, 37.49, 33.64, 28.98, 21.43, 21.23. IR (cm-1): f = 3398, 2922, 
2851, 1456, 1338, 1152, 1089, 814, 742. HRMS (M+H)+ = 457.1944 calculated for C28H29N2O2S; 




















Compound 4.29b (20 mg, 0.05 mmol) and indole (12 mg, 0.10 mmol) were dissolved in 
dry CH2Cl2 (0.27 mL) and then pyridinium triflate (4.0 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 100 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.42b (21 mg, 83% yield) 
as white crystals. 
 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.90 (s, 1H), 7.48 (dd, J = 8.4, 1.9 Hz, 3H), 7.34 
(dt, J = 8.1, 0.9 Hz, 1H), 7.31 (dd, J = 8.6, 2.1 Hz, 2H), 7.22 (dt, J = 8.6, 2.3 Hz, 2H), 7.17 (ddd, 
J = 8.2, 7.0, 1.1 Hz, 1H), 7.08 (d, J = 8.0 Hz, 2H), 7.06 (dt, J = 8.1, 1.1 Hz, 1H), 6.75 (s, 1H), 4.55 
(dddd, J = 9.4, 4.5, 2.7, 1.3 Hz, 1H), 3.05 (dtd, J = 15.9, 6.3, 3.2 Hz, 1H), 2.82 (dddd, J = 9.6, 4.7, 
2.7, 1.5 Hz, 1H), 2.54 (s, 3H), 2.53 – 2.46 (m, 1H), 2.37 (s, 3H), 2.12 (ddt, J = 13.7, 9.3, 4.6 Hz, 
1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.07, 139.14, 137.02, 136.61, 136.12, 133.98, 
133.33, 129.23, 128.55, 128.35, 127.20, 126.34, 122.07, 121.92, 119.37, 119.21, 117.90, 111.24, 
44.46, 37.53, 33.48, 28.90, 21.48. IR (cm-1): f = 3398, 2922, 2851, 1492, 1456, 1339, 1152, 1090, 
814, 742. HRMS (M+H)+ = 477.1398 calculated for C27H26ClN2O2S; experimental = 477.1391.  




















Compound 4.29d (23 mg, 0.06 mmol) and indole (15 mg, 0.12 mmol) were dissolved in 
dry CH2Cl2 (0.32 mL) and then pyridinium triflate (4.0 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 23 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.42d (17 mg, 58% yield) 
as white crystals. 
 1H NMR (500 MHz, CDCl3): δ (ppm) =	7.88 (s, 1H), 7.52 (d, J = 8.4, 1H), 7.41 (d, J = 8.3 
Hz, 2H), 7.32 (d, J = 8.2 Hz, 1H), 7.16 (d, J = 5.3 Hz, 1H), 7.07 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 
7.00 (d, J = 8.0 Hz, 2H), 6.81 (d, J = 5.1 Hz, 1H), 6.73 (d, J = 2.4 Hz, 1H), 4.51 (m, 1H), 3.02 
(dddd, J = 15.9, 9.2, 6.6, 2.7 Hz, 1H), 2.83 (dddd, J = 16.0, 9.3, 4.4, 1.4 Hz, 1H), 2.62 (s, 3H), 2.53 
(ddt, J = 12.5, 6.3, 2.8 Hz, 2H), 2.30 (s, 6H), 2.08 (ddd, J = 17.8, 9.3, 4.7 Hz, 1H). 13C NMR (125 
MHz, CDCl3): δ (ppm) = 142.70, 139.96, 137.01, 136.59, 135.48, 131.72, 131.57, 130.35, 128.98, 
127.22, 126.43, 124.45, 121.89, 121.80, 119.27, 119.20, 117.94, 111.15, 43.11, 37.34, 34.79, 

















HRMS (M+H)+ = 463.1508 calculated for C26H27N2O2S2; experimental = 463.1512.  X-ray 




Compound 4.29e (29 mg, 0.10 mmol) and indole (24 mg, 0.20 mmol) were dissolved in 
dry CH2Cl2 (0.52 mL) and then pyridinium triflate (7.0 mg, 0.03 mmol) was added. Upon stirring 
at room temperature for 24 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.42e (29 mg, 74% yield) 
as white crystals. 
 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.91 (s, 1H), 7.60 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 
8.0 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H), 7.15 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 
7.04 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.82 (d, J = 2.5 Hz, 1H), 4.22 (m, 1H), 2.64 - 2.55 (m, 1H), 
2.59 (s, 3H), 2.47 – 2.38 (m, 2H), 2.41 (s, 3H), 2.10 – 2.03 (m, 1H), 1.50 (s, 3H). 13C NMR (125 
MHz, CDCl3): δ (ppm) = 142.81, 138.02, 137.16, 137.13, 136.69, 129.31, 127.19, 126.32, 122.11, 
















3395, 2941, 1456, 1337, 1152, 1088, 856, 741. HRMS (M+H)+ = 381.1631 calculated for 








Compound 4.29f (18 mg, 0.06 mmol) and indole (14 mg, 0.12 mmol) were dissolved in 
dry CH2Cl2 (0.29 mL) and then pyridinium triflate (4.0 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 70 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.42f (15 mg, 63% yield) 
as white solid. 
 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.88 (s, 1H), 7.60 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 
8.0 Hz, 1H), 7.33 (d, J = 8.2 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 7.15 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 
7.04 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 6.78 (d, J = 2.4 Hz, 1H), 5.75 (ddt, J = 16.1, 10.9, 6.8 Hz, 
1H), 5.07 (dq, J = 6.4, 1.6 Hz, 1H), 5.04 (t, J = 1.4 Hz, 1H), 4.21 (t, J = 6.7 Hz, 1H), 2.78 (dd, J = 
14.8, 6.7 Hz, 1H), 2.69 – 2.60 (m, 2H), 2.58 (s, 3H), 2.46 – 2.38 (m, 5H), 2.12 – 2.03 (m, 1H). 13C 
NMR (125 MHz, CDCl3): δ (ppm) = 142.90, 140.05, 137.63, 137.21, 136.68, 134.66, 129.36, 














32.04, 29.21, 21.49. IR (cm-1): f = 3397, 3059, 2928, 2849, 1456, 1338, 1153, 1088, 993, 917, 813, 
742. HRMS (M+H)+ = 407.1788 calculated for C24H27N2O2S; experimental = 407.1783.  
N-[5-(1H-Indol-3-yl)-2-isopropyl-cyclopent-1-enyl]-4,N-dimethyl-benzenesulfonamide (4.42g) 
	
Compound 4.29g (29 mg, 0.08 mmol) and indole (18 mg, 0.16 mmol) were dissolved in 
dry CH2Cl2 (0.38 mL) and then pyridinium triflate (5.0 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 28 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.42g (23 mg, 63% yield) 
as white crystals. 
 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.90 (s, 1H), 7.62 (d, J = 7.9 Hz, 2H), 7.44 (d, J = 
8.0 Hz, 1H), 7.33 (dt, J = 8.3, 0.9 Hz, 1H), 7.22 (d, J = 7.9 Hz, 2H), 7.15 (dd, J = 7.7, 1.1 Hz, 1H), 
7.03 (dd, J = 7.9, 1.0 Hz, 1H), 6.79 (d, J = 2.3 Hz, 1H), 4.22 (t, J = 6.3 Hz, 1H), 2.65 – 2.58 (m, 
1H), 2.56 (s, 3H), 2.47 – 2.37 (m, 5H), 2.10 – 2.04 (m, 1H), 1.97 (ddd, J = 15.5, 9.8, 6.7 Hz, 1H), 
1.79 (td, J = 14.3, 11.8, 6.0 Hz, 1H), 1.41 – 1.12 (m, 14H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (125 
MHz, CDCl3): δ (ppm) = 142.73, 142.65, 137.45, 136.71, 136.69, 129.29, 127.24, 126.34, 122.10, 
121.68, 119.39, 119.05, 118.70, 111.22, 43.27, 37.81, 31.90, 31.88, 29.98, 29.46, 29.33, 29.08, 
28.66, 27.33, 22.67, 21.48, 14.12. IR (cm-1): f = 3395, 2925, 2853, 1457, 1340, 1153, 1088, 1013, 
813, 741. HRMS (M+H)+ = 479.2727 calculated for C29H39N2O2S; experimental = 479.2724.  X-






















Compound 4.29h (35 mg, 0.11 mmol) and indole (25 mg, 0.22 mmol) were dissolved in 
dry CH2Cl2 (0.54 mL) and then pyridinium triflate (8.0 mg, 0.03 mmol) was added. Upon stirring 
at room temperature for 30 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 95:5 ® 70:30 to give product 4.42h (33 mg, 72% yield) 
as white crystals. 
 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.88 (s, 1H), 7.60 (d, J = 7.8 Hz, 2H), 7.42 (d, J = 
7.9 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.21 (d, J = 7.9 Hz, 2H), 7.14 (dd, J = 8.2, 1.2 Hz, 2H), 7.03 
(dd, J = 8.0, 1.0 Hz, 2H), 6.68 (d, J = 2.4 Hz, 1H), 4.15 (t, J = 6.9 Hz, 1H), 2.64 (td, J = 12.3, 10.4, 
4.4 Hz, 2H), 2.55 (s, 3H), 2.44 – 2.36 (m, 5H), 2.12 – 2.06 (m, 1H), 1.98 (ddd, J = 14.1, 8.9, 5.2 
Hz, 1H), 1.85 (tdd, J = 12.6, 6.0, 2.2 Hz, 2H), 0.89 (d, J = 6.3 Hz, 6H). 13C NMR (125 MHz, 
CDCl3): δ (ppm) = 142.78, 142.55, 137.73, 137.58, 136.60, 129.30, 127.35, 126.34, 121.96, 
121.74, 119.32, 119.09, 118.65, 111.21, 42.60, 37.80, 37.74, 31.89, 29.29, 26.23, 23.12, 22.54, 
21.47. IR (cm-1): f = 3393, 2954, 2869, 1457, 1337, 1151, 1088, 1013, 813, 740. HRMS (M+H)+ 

















6.4.4 Characterization of Different N-Tosyl Precursors and Their Indolyl Products 
N-Benzyl-4-methyl-N-(5-oxo-cyclopent-1-enyl]-benzenesulfonamide (4.43) 
 
Compound 4.27 (300 mg, 1.20 mmol) was dissolved in dry acetone (3.0 mL) in a pressure 
vessel. K2CO3 (330 mg, 2.39 mmol) and benzylbromide (0.21 mL, 1.79 mmol) were then added 
subsequently. After stirring on reflux overnight, the reaction was quenched with H2O (8 mL) and 
the aqueous layer was extracted with EtOAc (3 x 8 mL). The combined organic layers were dried 
over Na2SO4 and concentrated under vacuum. The crude material was purified with flash column 
chromatography with n-hexanes:EtOAc = 90:15 ® 70:30 to give product 4.43 (352 mg, 86% 
yield) as orange-red crystals. 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.70 (d, J = 8.3 Hz, 2H), 7.62 (t, J = 2.9 Hz, 1H), 
7.32 – 7.21 (m, 7H), 4.85 (s, 2H), 2.51 (ddd, J = 7.4, 2.9, 1.8 Hz, 2H), 2.42 (s, 3H), 2.28 – 2.21 
(m, 2H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 203.93, 161.10, 143.71, 139.73, 136.51, 136.26, 
129.61, 128.42, 128.26, 127.59, 127.25, 50.31, 33.71, 24.69, 21.54. IR (cm-1): f = 3064, 3032, 
2924, 1708, 1598, 1495, 1345, 1160, 1091, 1051, 1015, 812, 700. HRMS (M+K)+ = 380.0717 
calculated for C19H19KNO3S; experimental = 380.0723. 






























Compound 4.43 (88 mg, 0.26 mmol) was dissolved in dry CH2Cl2 (1.5 mL) and cooled to 
0 ºC. Phenylmagnesium bromide (0.17 mL, 3 M solution in Et2O) was then added dropwise at 0 
ºC. After stirring for overnight at room temperature, the reaction was cooled to 0 ºC, and then 
quenched with H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer 
was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The crude material was purified with flash column chromatography 
(buffered with 1% Et3N) with n-hexanes:EtOAc = 95:5  to give product 4.43a (55 mg, 51% yield) 
as yellow oil. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.64 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 
7.25 – 7.16 (m, 8H), 6.90 (d, J = 7.0 Hz, 2H), 5.73 (t, J = 2.6 Hz, 1H), 4.26 (dd, J = 15.5, 2.8 Hz, 
2H), 4.12 (dd, J = 15.1, 3.1 Hz, 1H), 2.59 (dddd, J = 15.6, 7.6, 5.8, 2.4 Hz, 1H), 2.46 (s, 3H), 2.41 
– 2.29 (m, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 144.63, 144.13, 143.85, 135.63, 135.31, 
133.02, 129.41, 128.79, 128.07, 128.01, 127.90, 127.52, 126.59, 125.39, 84.25, 53.95, 43.42, 
27.33, 21.56. IR (cm-1): f = 3484, 3062, 3030, 2935, 1672, 1598, 1494, 1449, 1333, 1157, 1090, 
813, 757, 701, 666, 544. HRMS (M-OH)+ = 402.1522 calculated for C25H24NO2S; experimental = 
402.1532. 
N-Benzyl-N-(5-hydroxy-5-methyl-cyclopent-1-enyl]- 4-methyl-benzenesulfonamide (4.43b) 
	
Compound 4.43 (104 mg, 0.30 mmol) was dissolved in dry CH2Cl2 (2.0 mL) and cooled to 
0 ºC. Methylmagnesium bromide (0.20 mL, 3 M solution in Et2O) was then added dropwise at 0 

















quenched with H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer 
was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The crude material was purified with flash column chromatography 
(buffered with 1% Et3N) with n-hexanes:EtOAc = 90:10  to give product 4.43b (88 mg, 81% yield) 
as white crystals. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.76 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 
7.29 (dt, J = 5.0, 2.3 Hz, 3H), 7.24 (dd, J = 7.2, 2.4 Hz, 2H), 5.49 (t, J = 2.6 Hz, 1H), 4.89 (d, J = 
13.4 Hz, 1H), 3.98 (d, J = 13.4 Hz, 1H), 3.79 (s, 1H), 2.48 (s, 3H), 2.46 – 2.40 (m, 1H), 2.08 (ddt, 
J = 17.0, 8.4, 2.9 Hz, 1H), 2.00 (ddd, J = 13.0, 7.4, 2.6 Hz, 1H), 1.70 – 1.62 (m, 1H), 0.89 (s, 3H). 
13C NMR (125 MHz, CDCl3): δ (ppm) = 145.48, 143.94, 135.54, 134.15, 132.49, 129.49, 129.45, 
128.23, 127.99, 127.96, 80.10, 55.90, 40.08, 26.69, 24.99, 21.56. IR (cm-1): f = 3517, 2969, 2929, 
1598, 1454, 1330, 1156, 1089, 813, 701. HRMS (M-OH)+ = 340.1366 calculated for C20H22NO2S; 




Compound 4.43a (26 mg, 0.06 mmol) and indole (15 mg, 0.12 mmol) were dissolved in 
dry CH2Cl2 (0.31 mL) and then pyridinium triflate (4.0 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 96 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 90:10 ® 70:30 to give product 4.44a (24 mg, 74% 






















1H NMR (500 MHz, CDCl3): δ (ppm) = 7.88 (s, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.46 (d, J = 
7.9 Hz, 2H), 7.36 (d, J = 8.1 Hz, 1H), 7.30 – 7.16 (m, 7H), 7.12 (d, J = 8.2 Hz, 3H), 7.04 (t, J = 
7.3 Hz, 1H), 6.91 (t, J = 7.4 Hz, 2H), 6.63 (s, 1H), 6.54 (d, J = 7.4 Hz, 2H), 4.50 (d, J = 9.1 Hz, 
1H), 4.13 (d, J = 14.6 Hz, 1H), 3.98 (d, J = 14.6 Hz, 1H), 3.11 (dt, J = 16.1, 8.1 Hz, 1H), 2.71 
(ddd, J = 16.2, 9.6, 3.1 Hz, 1H), 2.54 – 2.47 (m, 1H), 2.41 (s, 3H), 2.07 (td, J = 14.0, 11.5, 3.6 Hz, 
1H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 143.01, 140.14, 137.68, 136.44, 136.30, 136.10, 
135.67, 129.24, 129.00, 127.95, 127.76, 127.60, 127.53, 127.37, 127.10, 126.63, 122.35, 121.85, 
119.34, 119.18, 117.98, 111.13, 52.64, 43.31, 35.04, 30.18, 21.47. IR (cm-1): f = 3400, 3058, 3031, 
2926, 2851, 1598, 1494, 1456, 1338, 1155, 1089, 909, 813, 739. HRMS (M+H)+ = 519.2101 





Compound 4.43b (23 mg, 0.06 mmol) and indole (15 mg, 0.12 mmol) were dissolved in 
dry CH2Cl2 (0.32 mL) and then pyridinium triflate (4.0 mg, 0.02 mmol) was added. Upon stirring 






















chromatography using n-hexanes:EtOAc = 90:10 ® 70:30 to give product 4.44b (17 mg, 58% 
yield) as white solids.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.88 (s, 1H), 7.53 (s, 2H), 7.41 (d, J = 7.9 Hz, 1H), 
7.35 (d, J = 8.1 Hz, 1H), 7.22 -7.12 (m, 6H), 7.09 (t, J = 7.5 Hz, 1H), 6.98 (d, J = 6.2 Hz, 2H), 
6.71 (s, 1H), 4.34 (d, J = 14.6 Hz, 1H), 4.02 (d, J = 7.4 Hz, 1H), 3.81 (d, J = 9.8 Hz, 1H), 2.63 – 
2.52 (m, 1H), 2.42 (s, 3H), 2.38 – 2.25 (m, 2H), 2.06 – 1.98 (m, 1H), 1.40 (s, 3H). 13C NMR (125 
MHz, CDCl3): δ (ppm) = δ 142.74, 141.57, 138.28, 136.77, 136.47, 133.92, 129.25, 128.78, 
127.80, 127.40, 127.24, 126.42, 122.13, 121.91, 119.38, 119.23, 118.72, 111.17, 52.37, 41.54, 
34.70, 29.96, 21.49, 14.74. IR (cm-1): f = 3396, 3059, 3032, 2924, 2849, 1456, 1335, 1155, 1092, 




Compound 4.27 (161 mg, 0.64 mmol) was dissolved in dry acetone (3.5 mL) in a pressure 
vessel. K2CO3 (177 mg, 1.28 mmol) and allylbromide (83 µL, 0.96 mmol) were then added 
subsequently. After stirring on reflux overnight, the reaction was quenched with H2O (8 mL) and 
the aqueous layer was extracted with EtOAc (3 x 8 mL). The combined organic layers were dried 
over Na2SO4 and concentrated under vacuum. The crude material was purified with flash column 
chromatography with n-hexanes:EtOAc = 90:10 ® 70:30 to give product 4.45 (139 mg, 74% 














1H NMR (400 MHz, CDCl3): δ (ppm) = 7.73 (td, J = 2.9, 0.8 Hz, 1H), 7.66 (d, J = 8.2 Hz, 
2H), 7.29 – 7.23 (m, 2H), 5.80 – 5.68 (m, 1H), 5.17 – 5.06 (m, 2H), 4.25 (d, J = 6.3 Hz, 1H), 2.64 
(ddd, J = 3.8, 2.2, 1.6 Hz, 2H), 2.40 (s, 3H), 2.35 (td, J = 3.6, 1.5 Hz, 2H). 13C NMR (100 MHz, 
CDCl3): δ (ppm) = 203.81, 159.88, 143.71, 140.10, 136.40, 133.18, 129.58, 127.30, 118.64, 49.62, 
33.72, 24.73, 21.55. IR (cm-1): f = 2925, 2867, 1712, 1598, 1405, 1347, 1164, 1092, 815, 666, 591, 
547. HRMS (M+H)+ = 292.1002 calculated for C15H18NO3S; experimental = 292.1004. 
N-Allyl-N-(5-hydroxy-5-phenyl-cyclopent-1-enyl]- 4-methyl-benzenesulfonamide (4.45a) 
	
Compound 4.45 (107 mg, 0.37 mmol) was dissolved in dry CH2Cl2 (2 mL) and cooled to 
0 ºC. Phenylmagnesium bromide (250 µL, 3 M solution in Et2O) was then added dropwise at 0 ºC. 
After stirring for 5 hours at room temperature, the reaction was cooled to 0 ºC, and then quenched 
with H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer was extracted 
with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over Na2SO4 and concentrated 
under vacuum. The crude material was purified with flash column chromatography (buffered with 
1% Et3N) with n-hexanes:EtOAc = 95:5 ® 75:25 to give product 4.45a (108 mg, 79% yield) as 
yellow oil. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.65 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 7.9 Hz, 2H), 
7.34 – 7.23 (m, 5H), 5.64 (t, J = 2.4 Hz, 1H), 5.35 – 5.24 (m, 1H), 4.93 (dd, J = 10.2, 1.1 Hz, 1H), 
4.84 (dd, J = 17.1, 1.4 Hz, 1H), 4.38 (s, 1H), 3.73 (dd, J = 15.4, 6.4 Hz, 1H), 3.35 (dd, J = 15.4, 
6.7 Hz, 1H), 2.61 (dddd, J = 15.1, 12.7, 5.8, 4.1 Hz, 1H), 2.51 – 2.35 (m, 6H). 13C NMR (125 















126.84, 125.62, 118.73, 84.17, 53.73, 42.59, 27.60, 21.57. IR (cm-1): f = 3492, 2929, 2854, 1598, 
1494, 1447, 1332, 1158, 1090, 923, 814, 763, 703, 670, 591, 573, 546. HRMS (M-OH)+ = 
352.1366 calculated for C21H22NO2S; experimental = 352.1378. 
N-Allyl-N-(5-hydroxy-5-methyl-cyclopent-1-enyl]- 4-methyl-benzenesulfonamide (4.45b) 
	
Compound 4.45 (138 mg, 0.47 mmol) was dissolved in dry CH2Cl2 (2.4 mL) and cooled to 
0 ºC. Methylmagnesium bromide (320 µL, 3 M solution in Et2O) was then added dropwise at 0 
ºC. After stirring for 3 hours at room temperature, the reaction was cooled to 0 °C, and then 
quenched with H2O (5 mL). Solid precipitate was filtered through celite, and the aqueous layer 
was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The crude material was purified with flash column chromatography 
(buffered with 1% Et3N) with n-hexanes:EtOAc = 90:10 ® 70:30  to give product 4.45b (79 mg, 
54% yield) as pale yellow crystals. 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.70 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 
5.70 (dddd, J = 15.8, 10.1, 7.7, 5.6 Hz, 1H), 5.37 (t, J = 2.6 Hz, 1H), 5.14 – 5.02 (m, 2H), 4.17 
(ddt, J = 14.4, 5.8, 1.4 Hz, 1H), 3.81 (s, 1H), 3.66 (dd, J = 14.4, 7.7 Hz, 1H), 2.50 – 2.39 (m, 4H), 
2.11 (dddd, J = 20.9, 10.5, 6.5, 3.0 Hz, 2H), 1.90 (ddd, J = 13.2, 8.6, 6.6 Hz, 1H), 1.34 (s, 3H). 13C 
NMR (100 MHz, CDCl3): δ (ppm) = 145.14, 143.85, 134.47, 132.88, 132.48, 129.39, 128.00, 
119.23, 80.24, 54.92, 40.05, 26.73, 25.67, 21.53. IR (cm-1): f = 3515, 2970, 2930, 2853, 1449, 
1332, 1156, 1332, 1156, 1089, 1047, 921, 814, 667, 586, 551. HRMS (M-OH)+ = 290.1209 

















Compound 4.45a (30 mg, 0.08 mmol) and indole (19 mg, 0.16 mmol) were dissolved in 
dry CH2Cl2 (0.4 mL) and then pyridinium triflate (5.6 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 71 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 90:10 ® 70:30 to give product 4.46a (20 mg, 53% 
yield) as white crystals. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.91 (s, 1H), 7.50 (d, J = 8.1 Hz, 2H), 7.38 – 7.31 
(m, 2H), 7.28 – 7.24 (m, 5H), 7.16 (t, J = 7.6 Hz, 1H), 7.11 (d, J = 8.1 Hz, 2H), 7.06 (t, J = 7.2 Hz, 
1H), 6.84 (s, 1H), 4.96 (ddt, J = 16.8, 10.2, 4.9 Hz, 1H), 4.60 – 4.43 (m, 3H), 3.54 (dd, J = 15.1, 
6.8 Hz, 1H), 3.46 (dd, J = 15.0, 6.5 Hz, 1H), 3.19 (dddd, J = 16.4, 9.5, 7.2, 2.9 Hz, 1H), 2.79 (ddd, 
J = 16.2, 9.5, 3.7 Hz, 1H), 2.52 (dtd, J = 13.1, 9.6, 7.2 Hz, 1H), 2.38 (s, 2H), 2.18 – 2.09 (m, 1H). 
13C NMR (125 MHz, CDCl3): δ (ppm) = 142.91, 138.77, 137.86, 136.93, 136.48, 136.15, 133.67, 
129.23, 128.04, 127.59, 127.54, 126.54, 122.57, 121.86, 119.43, 119.28, 118.13, 117.31, 111.14, 
77.20, 53.07, 44.13, 34.57, 29.17, 21.47. IR (cm-1): f = 3402, 2925, 2850, 1456, 1338, 1157, 1089, 
912, 829, 741, 697, 661, 592, 547. HRMS (M+H)+ = 469.1944 calculated for C29H29N2O2S; 























Compound 4.45b (22 mg, 0.07 mmol) and indole (17 mg, 0.14 mmol) were dissolved in 
dry CH2Cl2 (0.4 mL) and then pyridinium triflate (4.9 mg, 0.02 mmol) was added. Upon stirring 
at room temperature for 27 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 90:10 ® 70:30 to give product 4.46b (15 mg, 51% 
yield) as yellow oil.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.93 (s, 1H), 7.51 (d, J = 7.2 Hz, 2H), 7.43 (d, J = 
7.9 Hz, 1H), 7.33 (d, J = 8.2 Hz, 1H), 7.18 – 7.12 (m, 3H), 7.04 (td, J = 7.6, 7.2, 0.9 Hz, 1H), 6.84 
(d, J = 2.1 Hz, 1H), 5.47 – 5.34 (m, 1H), 4.77 (d, J = 10.0 Hz, 1H), 4.64 (d, J = 17.1 Hz, 1H), 4.18 
– 4.11 (m, 1H), 3.63 (dd, J = 14.5, 5.8 Hz, 1H), 3.35 (dd, J = 14.9, 6.6 Hz, 1H), 2.70 – 2.60 (m, 
1H), 2.44 – 2.37 (m, 5H), 2.13 – 2.05 (m, 1H), 1.58 (s, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) 
=	142.70, 140.30, 138.13, 136.57, 134.86, 133.97, 129.23, 127.28, 126.48, 122.28, 121.78, 119.49, 
119.11, 118.60, 117.33, 111.14, 52.37, 42.65, 34.83, 29.29, 21.46, 14.96. IR (cm-1): f = 3390, 2920, 
2846, 1493, 1332, 1203, 1089, 908, 812, 729, 658, 584, 544, 426. HRMS (M+H)+ = 407.1788 



















Compound 4.27 (246 mg, 0.98 mmol) was dissolved in dry CH2Cl2 (5 mL) and cooled to 
0 ºC. Phenylmagnesium bromide (0.65 mL, 3 M solution in Et2O) was then added dropwise at 0 
ºC. After stirring for 5.5 hours at room temperature, the reaction was cooled to 0 ºC, and then 
quenched with H2O (8 mL). Solid precipitate was filtered through celite, and the aqueous layer 
was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over Na2SO4 and 
concentrated under vacuum. The crude material was purified with flash column chromatography 
(buffered with 1% Et3N) with n-hexanes:EtOAc = 95:5 ® 65:35 to give product 4.47 (144 mg, 
45% yield) as yellow crystals.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.61 (d, J = 8.2 Hz, 2H), 7.26 – 7.19 (m, 5H), 7.16 
– 7.08 (m, 2H), 6.03 (bs, 1H), 5.67 (t, J = 2.4 Hz, 1H), 2.45 (s, 3H), 2.37 – 2.28 (m, 1H), 2.26 
(ddd, J = 13.8, 8.2, 3.5 Hz, 1H), 2.10 – 2.01 (m, 2H), 1.86 (bs, 1H). 13C NMR (125 MHz, CDCl3): 
δ (ppm) = 143.89, 142.66, 138.43, 135.56, 129.46, 128.45, 127.50, 127.40, 124.80, 111.76, 85.92, 
42.03, 27.56, 21.60. IR (cm-1): f = 3495, 3272, 2928, 2856, 1448, 1343, 1305, 1160, 1092, 1048, 






















Compound 4.47 (43 mg, 0.13 mmol) and indole (15 mg, 0.13 mmol) were dissolved in dry 
CH2Cl2 (0.65 mL) and then pyridinium triflate (9.0 mg, 0.04 mmol) was added. Upon stirring at 
room temperature for 26 hours, the reaction mixture was directly purified with flash column 
chromatography using n-hexanes:EtOAc = 90:10 ® 65:35 to give product 4.48 (38 mg, 68% yield) 
as yellow oil.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.89 (s, 1H), 7.48 – 7.42 (m, 3H), 7.35 – 7.20 (m, 
6H), 7.17 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.05 (td, J = 7.5, 7.1, 0.9 Hz, 1H), 7.01 – 6.97 (m, 2H), 
6.83 (d, J = 2.4 Hz, 1H), 5.96 (s, 1H), 4.37 (ddd, J = 8.5, 4.0, 2.0 Hz, 1H), 2.86 – 2.71 (m, 2H), 
2.42 – 2.34 (m, 2H), 2.29 (s, 3H), 2.05 – 1.98 (m, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 
143.18, 136.95, 136.72, 135.66, 132.64, 131.53, 129.05, 128.49, 127.32, 127.21, 126.98, 126.28, 
122.16, 122.02, 119.39, 119.06, 116.80, 111.15, 43.48, 33.45, 29.66, 21.44. HRMS (M+H)+ = 
429.1631 calculated for C26H25N2O2S; experimental = 429.1618. 
 





















Compound 4.50a (300 mg, 1.13 mmol) was dissolved in dry acetone (6 mL) in a pressure 
vessel. K2CO3 (313 mg, 2.26 mmol) and iodomethane (106 µL, 1.70 mmol) were then added 
subsequently. After stirring on reflux overnight, the reaction was quenched with H2O (10 mL) and 
the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic layers were dried 
over Na2SO4 and concentrated under vacuum. The crude material was purified with flash column 
chromatography with n-hexanes:EtOAc = 90:10 ® 60:40 to give product 4.51 (158 mg, 50% 
yield) as yellow solids.  
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.67 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.8 Hz, 2H), 
7.17 (t, J = 4.3 Hz, 1H), 3.02 (s, 3H), 2.53 (q, J = 5.9 Hz, 2H), 2.42 – 2.39 (m, 5H), 2.00 (p, J = 
6.1 Hz, 2H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 194.72, 151.12, 143.33, 137.57, 135.91, 
129.31, 127.65, 38.73, 36.84, 26.23, 22.35, 21.57. IR (cm-1): f = 2952, 1689, 1342, 1159, 1089, 
1040, 920, 816, 782. 
N-(1-hydroxy-1,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)-N,4-dimethylbenzenesulfonamide (4.52) 
Compound 4.51 (150 mg, 0.54 mmol) was dissolved in dry CH2Cl2 (2.7 mL) and cooled to 
0 ºC. Phenylmagnesium bromide (0.4 mL, 3 M solution in Et2O) was then added dropwise at 0 ºC. 
After stirring for 5 hours at room temperature, the reaction was cooled to 0 ºC, and then quenched 




















with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over Na2SO4 and concentrated 
under vacuum. The crude material was purified with flash column chromatography (buffered with 
1% Et3N) with n-hexanes:EtOAc = 95:5 ® 75:25  to give product 4.52 (150 mg, 78% yield) as 
yellow crystals. 
1H NMR (500 MHz, CDCl3): δ (ppm) = 7.61 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 7.9 Hz, 2H), 
7.34 (t, J = 7.7 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 7.3 Hz, 2H), 5.47 (t, J = 3.8 Hz, 1H), 
4.99 (bs, 1H), 2.53 (s, 3H), 2.43 (s, 3H), 2.19 – 2.14 (m, 2H), 2.11 – 2.00 (m, 2H), 1.95 (td, J = 
12.4, 2.5 Hz, 1H), 1.71 – 1.67 (m, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 145.87, 143.80, 
142.64, 133.96, 133.69, 129.40, 128.14, 127.80, 126.70, 126.11, 74.03, 40.26, 40.02, 26.27, 21.57, 
18.07. IR (cm-1): f = 3477, 2934, 1446, 1332, 1164, 1147, 1025, 1040, 899, 853, 816, 763, 706.  
 
6.5 Experimental Procedures for b-Functionalization of 2-Amidoallyl Cation 
 6.5.1 General Optimization Studies  
Unless otherwise noted, into an oven-dried 2.5 mL vial or 5 mL round bottom flask 
containing 4Å MS and magnetic stir bar, tertiary alcohol starting material (20 mg, 1.0 equiv) was 
dissolved in anhydrous solvent (0.2 M concentration based on starting material). Indole (2.0 equiv) 
was then added in one portion, followed by addition of chiral Brønsted acid (10 mol%), and the 
reaction mixture was let to stir in room temperature and monitored using TLC. After completion, 
the mixture was quenched with 0.5 mL of Et3N and loaded to flash column chromatography 
immediately, and eluted with n-hexanes:EtOAc. 






Compound 5.9 (44 mg, 0.16 mmol) and indole (18 mg, 0.16 mmol) were added into a 
pressure vessel containing 4Å MS (90 mg). (R)-catalyst 5.8d (11 mg, 0.02 mmol) was then added, 
and the mixture was dissolved in dry DCE (1.6 mL). Upon stirring at -10 °C using cryo cooler for 
48 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and he crude reaction mixture 
was directly purified with flash column chromatography using n-hexanes: EtOAc = 90:10 ® 65:35 
to give a mixture of inseparable products (+)-5.11 and 5.12 in 8:1 rr (46 mg, 77% yield, 94:6 er) 
as yellow oil. HPLC analysis was carried out using 6.5% isopropanol in n-hexanes for 50 minutes.  
The characterization of (+)-5.11: 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.09 (bs, 1H), 
7.78 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 1H), 7.38 (d, J = 8.0 Hz, 1H), 7.29 (d, J = 8.0 Hz, 
2H), 7.24 – 7.17 (m, 1H), 7.13 (dd, J = 7.4, 7.4 Hz, 1H), 7.06 (s, 1H), 3.97 (dt, J = 6.9, 4.3, 4.3 
Hz, 1H), 3.03 (s, 3H), 2.41 (s, 3H), 2.33 – 2.15 (m, 3H), 2.01 – 1.87 (m, 1H), 1.57 (s, 3H). 13C 
NMR (125 MHz, CDCl3): δ (ppm) = 143.29, 140.91, 136.67, 136.29, 134.57, 129.53, 127.43, 
126.66, 121.84, 121.47, 119.14, 119.01, 118.49, 111.23, 44.22, 36.11, 30.17, 29.34, 21.46, 13.18. 
IR (cm-1): f = 3405, 2935, 1457, 1339, 1154, 1089, 814, 743. HRMS (M+H)+ = 381.1631 calculated 
for C22H25N2O2S; experimental = 381.1625. [a]25D = +41.9 (c = 1.00 in CHCl3). HPLC 
chromatogram: 
DCE (0.1 M),

























Compound 5.9 (46 mg, 0.16 mmol) and 5-methoxy-indole 5.14a (24 mg, 0.16 mmol) were 
added into a pressure vessel containing 4Å MS (90 mg). (R)-catalyst 5.8d (12 mg, 0.02 mmol) was 
then added, and the mixture was dissolved in dry DCE (1.6 mL). Upon stirring at -10 °C using 
cryo cooler for 117 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes: EtOAc 
= 90:10 ® 65:35 to give a mixture of inseparable products (+)-5.15a and 5.16a in >20:1 rr (43 
mg, 64% yield, 94:6 er) as yellow oil. HPLC analysis was carried out using 6.5% isopropanol in 
n-hexanes for 60 minutes.  
 The characterization of (+)-5.15a: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.87 (s, 1H), 
7.76 (d, J = 8.2 Hz, 2H), 7.27 (dd, J = 8.2, 6.5 Hz, 3H), 7.09 (d, J = 2.3 Hz, 1H), 7.04 (d, J = 2.4 
DCE (0.1 M),























(±)-5.15 58:42 er 
(+)-5.11 94:6 er 
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Hz, 1H), 6.86 (dd, J = 8.8, 2.4 Hz, 1H), 3.91 (t, J = 7.0 Hz, 1H), 3.87 (s, 3H), 2.99 (s, 3H), 2.41 (s, 
3H), 2.30 – 2.15 (m, 3H), 1.96 – 1.88 (m, 1H), 1.59 (s, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) 
=153.92, 143.28, 140.96, 136.39, 134.69, 131.87, 129.55, 127.49, 127.06, 122.33, 118.37, 112.12, 
111.84, 101.14, 56.06, 44.32, 36.06, 30.15, 29.31, 21.51, 13.25. IR (cm-1): f = 3403, 2935, 2854, 
1583, 1484, 1455, 1341, 1303, 1219, 1154, 1089, 1033, 814, 730. HRMS (M+H)+ = 411.1737 






Compound 5.9 (50 mg, 0.18 mmol) and 5-bromo-indole 5.14b (35 mg, 0.18 mmol) were 
added into a pressure vessel containing 4Å MS (150 mg). (R)-catalyst 5.8d (13 mg, 0.02 mmol) 
was then added, and the mixture was dissolved in dry DCE (1.8 mL). Upon stirring at -10 °C using 
DCE (0.1 M),























(±)-5.15a 55:45 er 
(+)-5.15a 94:6 er 
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cryo cooler for 42 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes: EtOAc 
= 90:10 ® 70:30 to give a mixture of inseparable products (+)-5.14b and 5.15b in >20:1 rr (57 
mg, 70% yield, 97:3 er) as yellow solids. HPLC analysis was carried out using 2.8% isopropanol 
in n-hexanes for 100 minutes.  
The characterization of (+)-5.14b: 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.00 (s, 1H), 
7.77 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 1.9 Hz, 1H), 7.29 (d, J = 8.0 Hz, 2H), 7.27 – 7.25 (m, 2H), 
7.09 (d, J = 2.3 Hz, 1H), 3.90 (t, J = 7.0 Hz, 1H), 3.00 (s, 3H), 2.41 (s, 3H), 2.29 – 2.15 (m, 3H), 
1.89 – 1.82 (m, 1H), 1.54 (s, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.32, 140.51, 136.36, 
135.31, 134.92, 129.59, 128.48, 127.46, 124.78, 122.71, 121.67, 118.47, 112.64, 112.57, 44.10, 
36.06, 30.12, 29.25, 21.52, 13.20. IR (cm-1): f = 3381, 2927, 2854, 1459, 1338, 1154, 1089, 911, 
883, 814, 797. HRMS (M+H)+ = 459.0736 calculated for C22H23BrN2O2S; experimental = 




(±)-5.15b 54:46 er 




Compound 5.9 (45 mg, 0.16 mmol) and methyl-indole-5-carboxylate 5.14c (28 mg, 0.16 
mmol) were added into a pressure vessel containing 4Å MS (90 mg). (R)-catalyst 5.8d (11 mg, 
0.02 mmol) was then added, and the mixture was dissolved in dry DCE (1.6 mL). Upon stirring at 
-10 °C using cryo cooler for 140 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, 
and the crude reaction mixture was directly purified with flash column chromatography using n-
hexanes: EtOAc = 90:10 ® 60:40 to give a mixture of inseparable products (+)-5.15c and 5.16c’ 
in 13.3:1 rr (43 mg, 61% yield, 97:3 er) as bright yellow oil. HPLC analysis was carried out using 
10% isopropanol in n-hexanes for 60 minutes. 
The characterization of (+)-5.15c: 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.37 (s, 1H), 
8.23 (bs, 1H), 7.90 (dd, J = 8.6, 1.5 Hz, 1H), 7.78 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 8.6 Hz, 1H), 
7.28 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 1.8 Hz, 1H), 3.99 (t, J = 6.0 Hz, 1H), 3.91 (s, 3H), 3.01 (s, 
3H), 2.41 (s, 3H), 2.31 – 2.16 (m, 3H), 1.90 – 1.85 (m, 1H), 1.57 (s, 3H). 13C NMR (125 MHz, 
CDCl3): δ (ppm) = 168.16, 143.33, 140.57, 139.29, 136.31, 134.99, 129.57, 127.48, 126.37, 
123.43, 122.71, 122.06, 121.39, 120.25, 110.87, 51.81, 44.05, 35.98, 30.37, 29.14, 21.51, 13.22. 
IR (cm-1): f = 3368, 2950, 2854, 1709, 1617, 1598, 1437, 1340, 1320, 1288, 1245, 1155, 1109, 
1089, 909, 814, 773, 754, 733. HRMS (M+H)+ = 439.1686 calculated for C24H27N2O4S; 
experimental = 439.1684. [a]25D = +25.9 (c = 1.00 in CHCl3). HPLC chromatogram: 
DCE (0.1 M),


























Gram Scale Reaction: Compound 5.9 (1.00 g, 3.56 mmol) and methyl-indole-5-
carboxylate 5.14c (623 mg, 3.56 mmol) were added into a 100-mL round bottom flask containing 
4Å MS (2.00 mg). (R)-catalyst 5.8d (249 mg, 0.36 mmol) was then added, and the mixture was 
dissolved in dry DCE (36 mL). Upon stirring at -10 °C using cryo cooler for xxx hours, the reaction 
mixture was neutralized with xx mL of Et3N, and the solvent was evaporated under vacuum. The 
crude reaction mixture was then purified with flash column chromatography using n-
hexanes:EtOAc = 90:10 ® 60:40 to give a mixture of inseparable products (+)-5.15c and 5.16c in 




Compound 5.9 (48 mg, 0.17 mmol) and 5-nitro-indole 5.14d (28 mg, 0.17 mmol) were 
added into a pressure vessel containing 4Å MS (150 mg). (R)-catalyst 5.8d (12 mg, 0.02 mmol) 
was then added, and the mixture was dissolved in dry DCE (1.7 mL). Upon stirring at -10 °C using 
DCE (0.1 M),























(±)-5.15c 51:49 er 
(+)-5.15c 97:3 er 
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cryo cooler for 42 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes: EtOAc 
= 90:10 ® 60:40 to give a mixture of inseparable products (+)-5.15d and 5.16d in >20:1 rr (52 
mg, 71% yield, 96:4 er) as yellow oil. HPLC analysis was carried out using 5.5% isopropanol in 
n-hexanes for 100 minutes. 
The characterization of (+)-5.15d: 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.55 (d, J = 1.8 
Hz, 1H), 8.52 (s, 1H), 8.09 (dt, J = 9.0, 0.9 Hz, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.39 (dd, J = 9.0, 1.5 
Hz, 1H), 7.30 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 2.8 Hz, 1H), 3.99 (t, J = 6.4 Hz, 1H), 3.02 (s, 3H), 
2.42 (s, 3H), 2.32 (ddd, J = 12.2, 7.4, 2.4 Hz, 1H), 2.25 – 2.18 (m, 2H), 1.89 – 1.82 (m, 1H), 1.62 
(s, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.47, 141.49, 140.17, 139.68, 136.21, 135.29, 
129.65, 127.48, 126.17, 124.55, 121.42, 117.73, 116.32, 111.17, 43.87, 35.95, 30.23, 28.92, 21.53, 
13.27. IR (cm-1): f = 3369, 2959, 2926, 2854, 1519, 1470, 1330, 1154, 1089, 909, 814, 738. HRMS 
(M+H)+ = 426.1482 calculated for C22H24N3O4S; experimental = 426.1495. [a]25D = +27.1 (c = 
1.00 in CHCl3). HPLC chromatogram: 
 
(±)-5.15d 51:49 er 






Compound 5.9 (49 mg, 0.17 mmol) and 4-cyano-indole 5.14e (25 mg, 0.17 mmol) were 
added into a pressure vessel containing 4Å MS (90 mg). (R)-catalyst 5.8d (12 mg, 0.02 mmol) was 
then added, and the mixture was dissolved in dry DCE (1.7 mL). Upon stirring at -10 °C using 
cryo cooler for 114 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes:EtOAc 
= 90:10 ® 60:40 to give a mixture of inseparable products (-)-5.15e and 5.16e in >20:1 rr (51 mg, 
72% yield, 96:4 er) as colorless oil. HPLC analysis was carried out using 6.5% isopropanol in n-
hexanes for 60 minutes.  
The characterization of (-)-5.15e: 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.48 (s, 1H), 
7.73 (d, J = 8.3 Hz, 2H), 7.61 (dd, J = 8.7, 0.7 Hz, 1H), 7.48 (dd, J = 7.4, 0.7 Hz, 1H), 7.36 (d, J = 
2.2 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 7.22 (t, J = 7.8 Hz, 1H), 4.44 (d, J = 8.7 Hz, 1H), 2.97 (s, 
3H), 2.42 – 2.39 (m, 4H), 2.12 – 2.04 (m, 2H), 1.82 – 1.78 (m, 4H).  13C NMR (125 MHz, CDCl3): 
δ (ppm) = 143.46, 140.48, 136.79, 136.12, 135.38, 129.61, 127.47, 126.63, 126.22, 124.55, 121.43, 
119.32, 119.03, 116.09, 101.89, 42.98, 35.88, 31.45, 27.90, 21.51, 13.55. IR (cm-1): f = 3364, 2925, 
2855, 1454, 1344, 1155, 1050, 911, 814, 744. HRMS (M+H)+ = 406.1584 calculated for 
C23H24N3O2S; experimental = 406.1592. [a]25D = -41.6 (c = 1.00 in CHCl3). HPLC chromatogram:  
DCE (0.1 M),



























Compound 5.9 (60 mg, 0.21 mmol) and 5-methoxy-1H-benzo[g]indole 5.14f (42 mg, 0.21 
mmol) were added into a pressure vessel containing 4Å MS (120 mg). (R)-catalyst 5.8d (15 mg, 
0.02 mmol) was then added, and the mixture was dissolved in dry DCE (2.1 mL). Upon stirring at 
-10 °C using cryo cooler for 161 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, 
and the crude reaction mixture was directly purified with flash column chromatography using n-
hexanes:EtOAc = 90:10 ® 65:35 to give a mixture of inseparable products (+)-5.15f and 5.16f’ in 
2.3:1 rr (58 mg, 59% yield, 91:9 er) as yellow oil that turned dark purple upon storing. HPLC 
analysis was carried out using 3.7% isopropanol in n-hexanes for 160 minutes. 
The characterization of (+)-5.15f: 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.62 (s, 1H), 
8.33 (d, J = 8.5 Hz, 1H), 7.93 (d, J = 8.1 Hz, 1H), 7.78 (d, J = 8.3 Hz, 2H), 7.55 (ddd, J = 8.1, 6.8, 
1.1 Hz, 1H), 7.44 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.28 (d, J = 8.1 Hz, 2H), 7.07 (s, 1H), 7.06 (s, 
1H), 4.06 (s, 3H), 4.01 – 3.98 (m, 1H), 3.00 (s, 3H), 2.40 (s, 3H), 2.34 – 2.24 (m, 3H), 1.97 (ddt, 
DCE (0.1 M),

























(-)-5.154 4:96 er 
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J = 12.2, 8.3, 6.3 Hz, 1H), 1.60 (s, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 150.06, 143.31, 
141.16, 136.36, 134.71, 129.56, 127.47, 126.35, 126.06, 123.55, 123.37, 122.32, 121.65, 120.08, 
119.71, 119.15, 96.63, 56.04, 44.44, 36.06, 30.61, 29.44, 21.49, 13.25. R (cm-1): f = 3376, 2962, 
2938, 1632, 1598, 1384, 1336, 1259, 1150, 1018, 909, 813, 763, 730. HRMS (M+H)+ = 461.1893 






Compound 5.9 (50 mg, 0.18 mmol) and 2-phenyl-indole 5.14g (34 mg, 0.18 mmol) were 
added into a pressure vessel containing 4Å MS (150 mg). (R)-catalyst 5.8d (13 mg, 0.02 mmol) 
was then added, and the mixture was dissolved in dry DCE (1.8 mL). Upon stirring at -10 °C using 
cryo cooler for 50 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes:EtOAc 
DCE (0.1 M),























(+)-5.15f 91:9 er 
(±)-5.15f 60:40 er 
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= 90:10 ® 70:30 to give a mixture of inseparable products (+)-5.15g and 5.16g in >20:1 rr (52 
mg, 64% yield, 68:32 er) as yellow oil. HPLC analysis was carried out using 2.8% isopropanol in 
n-hexanes for 120 minutes. 
 The characterization of (+)-5.15g: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.99 (s, 1H), 
7.79 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 7.9 Hz, 1H), 7.49 (dt, J = 15.2, 7.4 Hz, 4H), 7.39 (dd, J = 
13.0, 7.6 Hz, 2H), 7.28 (d, J = 8.0 Hz, 4H), 7.21 (t, J = 8.0 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 4.16 
(t, J = 7.5 Hz, 1H), 3.03 (s, 3H), 2.46 – 2.25 (m, 6H), 2.13 (p, J = 9.9, 9.4 Hz, 1H), 1.37 (s, 3H). 
13C NMR (125 MHz, CDCl3): δ (ppm) = 143.18, 140.96, 136.67, 136.14, 135.44, 134.49, 129.54, 
129.02, 128.78, 128.63, 128.21, 127.88, 127.49, 125.28, 122.19, 119.66, 114.56, 110.87, 43.95, 
36.13, 30.34, 29.74, 21.51, 13.02. IR (cm-1): f = 3386, 2939, 2854, 1456, 1341, 1153, 1089, 910, 
814, 744. HRMS (M+H)+ = 457.1944 calculated for C28H29N2O2S; experimental = 457.1949. 




(±)-5.15g 54:46 er 




Compound 5.9 (53 mg, 0.19 mmol) and 1-methyl-indole 5.14h (24 µL, 0.19 mmol) were 
added into a pressure vessel containing 4Å MS (150 mg). (R)-catalyst 5.8d (13 mg, 0.02 mmol) 
was then added, and the mixture was dissolved in dry DCE (1.9 mL). Upon stirring at -10 °C using 
cryo cooler for 138 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes:EtOAc 
= 90:10 ® 80:20 to give a mixture of inseparable products (+)-5.15h and 5.16h in 6.7:1 rr (13 mg, 
18% yield, 78:22 er) as yellow oil. HPLC analysis was carried out using 3.5% isopropanol in n-
hexanes for 50 minutes. 
The characterization of (+)-5.15h: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.76 (d, J = 8.3 
Hz, 2H), 7.59 (d, J = 7.9 Hz, 1H), 7.29 (t, J = 9.0 Hz, 3H), 7.22 (td, J = 7.5, 0.9 Hz, 1H), 7.09 (td, 
J = 7.5, 0.9 Hz, 1H), 6.89 (s, 1H), 3.98 – 3.91 (m, 1H), 3.76 (s, 3H), 3.01 (s, 3H), 2.41 (s, 3H), 
2.31 – 2.15 (m, 3H), 1.90 (tdt, J = 10.7, 7.1, 3.8 Hz, 1H), 1.54 (s, 3H). 13C NMR (125 MHz, 
CDCl3): δ (ppm) = 143.23, 140.93, 137.37, 136.42, 134.55, 129.51, 127.48, 127.08, 126.19, 
121.49, 119.19, 118.67, 117.14, 109.23, 44.20, 36.12, 32.62, 30.49, 29.42, 21.49, 13.18. IR (cm-
1): f = 3050, 2934, 2878, 1469, 1344, 1155, 1089, 815, 741. HRMS (M+H)+ = 395.1788 calculated 
for C23H27N2O2S; experimental = 395.1787. [a]25D = +14.9 (c = 1.00 in CHCl3). HPLC 
chromatogram: 
DCE (0.1 M),



























Compound 5.9 (52 mg, 0.19 mmol) and 1-benzyl-indole 5.14i (38 mg, 0.19 mmol) were 
added into a pressure vessel containing 4Å MS (100 mg). (R)-catalyst 5.8d (13 mg, 0.02 mmol) 
was then added, and the mixture was dissolved in dry DCE (1.9 mL). Upon stirring at -10 °C using 
cryo cooler for 164 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes:EtOAc 
= 90:10 ® 80:20 to give a mixture of inseparable products (+)-5.15i and 5.16i in >20:1 rr (14 mg, 
16% yield, 69:31 er) as yellow oil. HPLC analysis was carried out using 3.5% isopropanol in n-
hexanes for 50 minutes. 
DCE (0.1 M),





















(±)-5.15h 58:42 er 
(+)-5.15h 78:22 er 
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The characterization of (+)-5.15i: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.71 (d, J = 8.3 
Hz, 2H), 7.61 (d, J = 7.9 Hz, 1H), 7.34 – 7.27 (m, 4H), 7.22 (d, J = 8.0 Hz, 2H), 7.14 – 7.09 (m, 
3H), 6.98 (s, 1H), 5.29 (s, 2H), 3.96 (t, J = 6.7 Hz, 1H), 3.00 (s, 3H), 2.39 (s, 3H), 2.30 – 2.18 (m, 
3H), 1.96 – 1.88 (m, 1H), 1.54 (s, 3H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.19, 140.88, 
137.75, 136.39, 134.60, 129.50, 128.72, 127.50, 127.47, 127.39, 126.76, 125.62, 121.71, 119.31, 
118.96, 117.89, 109.75, 49.91, 44.26, 36.17, 30.36, 29.38, 21.51, 13.22. IR (cm-1): f = 2925, 2853, 
1466, 1346, 1154, 1089, 815, 741. HRMS (M+Na)+ = 493.1920 calculated for C29H30N2NaO2S; 




6.5.3 Characterization of Scope of Substrate Products  
(S)-N-(5-(1H-indol-3-yl)-2-phenylcyclopent-1-enyl)-N,4-dimethylbenzenesulfonamide ((+)-
5.19) 
(±)-5.16i 58:42 er 




Compound 5.17 (50 mg, 0.15 mmol) and indole (17 mg, 0.15 mmol) were added into a 
pressure vessel containing 4Å MS (100 mg). (R)-catalyst 5.8d (11 mg, 0.02 mmol) was then added, 
and the mixture was dissolved in dry DCE (2.9 mL). Upon stirring at -5 °C using cryo cooler for 
233 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude reaction 
mixture was directly purified with flash column chromatography using n-hexanes:EtOAc = 90:10 
® 70:30 to give a mixture of inseparable products (+)-5.19 and 5.20 in 4.9:1 rr (50 mg, 77% yield, 
95:5 er) as white crystals. HPLC analysis was carried out using 7.5% isopropanol in n-hexanes for 
80 minutes. 
The characterization of (+)-5.19: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.89 (s, 1H), 7.70 
(d, J = 8.2 Hz, 2H), 7.67 (d, J = 7.8 Hz, 1H), 7.40 – 7.35 (m, 2H), 7.33 (d, J = 8.1 Hz, 1H), 7.25 
(d, J = 9.3 Hz, 2H), 7.18 (dd, J = 7.2, 7.2 Hz, 1H), 7.15 – 7.09 (m, 4H), 7.04 (d, J = 2.2 Hz, 1H), 
4.50 (dq, J = 5.8, 3.1, 3.0, 3.0 Hz, 1H), 2.97 (s, 3H), 2.76 – 2.66 (m, 1H), 2.42 (s, 3H), 2.41 – 2.36 
(m, 2H), 2.00 (ddt, J = 11.1, 6.0, 2.3, 2.3 Hz, 1H).	13C NMR (125 MHz, CDCl3): δ (ppm) = 143.39, 
139.49, 137.12, 136.60, 136.33, 135.01, 129.51, 127.93, 127.90, 127.59, 127.20, 126.73, 122.10, 
121.84, 119.17, 118.92, 118.43, 111.15, 43.12, 36.31, 31.09, 30.51, 21.51. IR (cm-1): f = 2935, 
1736, 1470, 1345, 1155, 1089, 1013, 815, 742. HRMS (M+H)+ = 443.1788 calculated for 
C27H27N2O2S; experimental = 443.1794. [a]25D = +70.6 (c = 1.00 in CHCl3). HPLC chromatogram:  
DCE (0.05 M),

























Compound 5.21a (51 mg, 0.14 mmol) and indole (17 mg, 0.14 mmol) were added into a 
pressure vessel containing 4Å MS (100 mg). (R)-catalyst 5.8d (10 mg, 0.01 mmol) was then added, 
and the mixture was dissolved in dry DCE (2.9 mL). Upon stirring at -5 °C using cryo cooler for 
89 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude reaction mixture 
was directly purified with flash column chromatography using n-hexanes:EtOAc = 90:10 ® 70:30 
to give a mixture of inseparable products (+)-5.23a and 5.24a in 5.7:1 rr (45 mg, 69% yield, 95:5 






















(+)-5.19 93:7 er 
(±)-5.19 52:48 er 
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The characterization of (+)-5.23a: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.87 (s, 1H), 
7.70 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 7.9 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.28 (d, J = 8.2 Hz, 
2H), 7.25 (d, J = 8.2 Hz, 2H), 7.18 (ddd, J = 8.1, 7.1, 1.3 Hz, 1H), 7.12 (ddd, J = 8.0, 6.8, 1.2 Hz, 
1H), 7.04 (d, J = 2.2 Hz, 1H), 6.94 (d, J = 8.0 Hz, 2H), 4.4.8 (d, J = 6.9 Hz, 1H), 2.97 (s, 3H), 2.69 
– 2.63 (m, 1H), 2.42 (s, 3H), 2.39 – 2.33 (m, 2H), 2.24 (s, 3H), 1.98 (dt, J = 9.0, 6.6, 3.1 Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ (ppm) = 143.32, 139.35, 136.98, 136.61, 136.47, 136.40, 132.03, 
129.49, 128.65, 127.82, 127.60, 126.80, 122.12, 121.83, 119.18, 118.96, 118.61, 111.12, 42.99, 
36.25, 30.96, 30.48, 21.53, 21.19. IR (cm-1): f = 3416, 2924, 2854, 1456, 1337, 1154, 1087, 911, 
815, 740. HRMS (M+H)+ = 457.1950 calculated for C28H29N2O2S; experimental = 457.1956. 
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Compound 5.21b (66 mg, 0.17 mmol) and indole (21 mg, 0.17 mmol) were added into a 
pressure vessel containing 4Å MS (130 mg). (R)-catalyst 5.8d (37 mg, 0.05 mmol) was then added, 
and the mixture was dissolved in dry DCE (3.5 mL). Upon stirring at -5 °C using cryo cooler for 
91 hours, the reaction mixture was neutralized with 0.5 mL of Et3N,  and the crude reaction mixture 
was directly purified with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 85:15 
to give a mixture of inseparable products (+)-5.23b and 5.24b in >20:1 rr (52 mg, 64% yield, 98:2 
er) as yellow oil. HPLC analysis was carried out using 7.5% isopropanol in n-hexanes for 60 
minutes. 
The characterization of (+)-5.23b: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.90 (s, 1H), 
7.67 (d, J = 8.4 Hz, 2H), 7.65 (dd, J = 8.3, 3.3 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.32 – 7.22 (m, 
4H), 7.20 (td, J = 8.1, 1.2 Hz, 1H), 7.13 (td, J = 7.9, 0.9 Hz, 1H), 7.07 (d, J = 8.7 Hz, 2H), 7.04 (d, 
J = 2.2 Hz, 1H), 4.46 (dd, J = 7.0, 1.5 Hz, 1H), 2.98 (s, 3H), 2.71 – 2.61 (m, 1H), 2.44 – 2.34 (m, 
5H), 2.00 (td, J = 8.7, 3.5 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.58, 138.63, 
137.75, 136.63, 136.27, 133.47, 132.90, 129.55, 129.26, 128.10, 127.54, 126.60, 122.07, 122.01, 
119.32, 118.90, 118.20, 111.22, 43.09, 36.26, 30.92, 30.41, 21.54. IR (cm-1): f = 3404, 2925, 2854, 
1491, 1457, 1339, 1155, 1089, 1037, 1012, 830, 813, 741. HRMS (M+H)+ = 477.1398 calculated 




























Compound 5.21c (86 mg, 0.24 mmol) and indole (28 mg, 0.24 mmol) were added into a 
pressure vessel containing 4Å MS (170 mg). (R)-catalyst 5.8d (50 mg, 0.07 mmol) was then added, 
and the mixture was dissolved in dry DCE (4.8 mL). Upon stirring at -5 °C using cryo cooler for 
98 hours, the reaction mixture was neutralized with 0.5 mL of Et3N,  and the crude reaction mixture 
was directly purified with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 85:15 
to give a mixture of inseparable products (+)-5.23c and 5.23c in >20:1 rr (85 mg, 77% yield, 98:2 
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The characterization of (+)-5.23c: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.93 (s, 1H), 
7.67 (dd, J = 12.2, 8.1 Hz, 3H), 7.34 (d, J = 8.1 Hz, 1H), 7.30 (d, J = 8.5 Hz, 2H), 7.25 (d, J = 10.5 
Hz, 2H), 7.20 (t, J = 7.5 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 7.07 (d, J = 8.5 Hz, 2H), 7.05 – 7.02 
(m, 1H), 4.46 (d, J = 7.6 Hz, 1H), 2.99 (s, 3H), 2.71 – 2.62 (m, 1H), 2.45 – 2.34 (m, 5H), 2.00 (td, 
J = 9.1, 3.6 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 162.75, 160.78, 143.53, 138.75, 
136.89, 136.63, 136.24, 129.71, 129.65, 129.54, 127.55, 126.61, 122.09, 121.93, 119.25, 118.86, 
114.88, 114.71, 111.22, 43.18, 36.20, 30.70, 30.40, 21.49. IR (cm-1): f = 3409, 2924, 1598, 1508, 
1456, 1337, 1228, 1156, 1087, 910, 835, 807, 742. HRMS (M+H)+ = 461.1694 calculated for 
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Compound 5.17 (63 mg, 0.18 mmol) and 5-bromo-indole 5.14b (36 mg, 0.18 mmol) were 
added into a pressure vessel containing 4Å MS (125 mg). (R)-catalyst 5.8d (13 mg, 0.02 mmol) 
was then added, and the mixture was dissolved in dry DCE (1.8 mL). Upon stirring at -5 °C using 
cryo cooler for 65 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes:EtOAc 
= 90:10 ® 70:30 to give a mixture of inseparable products (+)-5.23d and 5.24d in 4:1 rr (67 mg, 
70% yield, 95:5 er) as white crystals. HPLC analysis was carried out using 6.5% isopropanol in n-
hexanes for 80 minutes.   
The characterization of (+)-5.23d: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.95 (s, 1H), 
7.77 (d, J = 1.7 Hz, 1H), 7.70 (d, J = 8.3 Hz, 2H), 7.32 (dd, J = 6.5, 3.3 Hz, 2H), 7.28 – 7.23 (m, 
3H), 7.18 (d, J = 8.6 Hz, 1H), 7.13 – 7.10 (m, 3H), 7.05 (d, J = 2.3 Hz, 1H), 4.43 (d, J = 7.4 Hz, 
1H), 2.96 (s, 3H), 2.76 – 2.67 (m, 1H), 2.44 – 2.36 (m, 5H), 1.97 – 1.92 (m, 1H). 13C NMR (125 
MHz, CDCl3): δ (ppm) = 143.47, 139.22, 137.30, 136.19, 135.19, 134.80, 129.56, 128.46, 127.96, 
127.85, 127.57, 127.31, 124.64, 123.38, 121.45, 118.17, 112.64, 112.47, 42.93, 36.27, 31.09, 
30.47, 21.52. IR (cm-1): f = 3420, 2934, 2859, 1598, 1458, 1341, 1153, 1088, 944, 884, 839, 732. 
HRMS (M+H)+ = 521.0893 calculated for C27H26BrN2O2S; experimental = 521.0898. [a]25D = 
+73.8 (c = 1.00 in CHCl3).	HPLC chromatogram:  
DCE (0.1 M),




























Compound 5.25a (68 mg, 0.23 mmol) and indole (27 mg, 0.23 mmol) were added into a 
pressure vessel containing 4Å MS (130 mg). (R)-catalyst 5.8d (16 mg, 0.02 mmol) was then added, 
and the mixture was dissolved in dry DCE (2.3 mL). Upon stirring at -5 °C using cryo cooler for 
89 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude reaction mixture 
was directly purified with flash column chromatography using n-hexanes:EtOAc = 95:5 ® 85:15 
to give a mixture of inseparable products (+)-5.27a and 5.28a in >20:1 rr (71 mg, 78% yield, 89:11 
er) as yellow oil. HPLC analysis was carried out using 3% isopropanol in n-hexanes for 100 
minutes. HPLC chromatogram: 
DCE (0.05 M),
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Compound 5.25b (75 mg, 0.24 mmol) and indole (28 mg, 0.24 mmol) were added into a 
pressure vessel containing 4Å MS (150 mg). (R)-catalyst 5.8d (17 mg, 0.02 mmol) was then added, 
and the mixture was dissolved in dry DCE (2.4 mL). Upon stirring at -5 °C using cryo cooler for 
165 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude reaction 
mixture was directly purified with flash column chromatography using n-hexanes:EtOAc = 95:5 
® 90:10 to give a mixture of inseparable products (+)-5.27b and 5.28b in >20:1 rr (81 mg, 82% 
yield, 92:8 er) as yellow oil. HPLC analysis was carried out using 3% isopropanol in n-hexanes 
for 100 minutes. HPLC chromatogram: 
DCE (0.05 M),
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Compound 5.25c (xx mg, 0.xx mmol) and indole (x mg, 0.xx mmol) were added into a 
pressure vessel containing 4Å MS (xxx mg). (R)-catalyst 5.8d (xx mg, 0.0x mmol) was then added, 
and the mixture was dissolved in dry dichloroethane (x.x mL). Upon stirring at -5 °C using cryo 
cooler for xx hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude 
reaction mixture was directly purified with flash column chromatography using n-hexanes:EtOAc 
= 90:10 ® 70:30 to give a mixture of inseparable products (+)-5.27c and 5.28c in xx:1 rr (xx mg, 
xx% yield, xx:x er) as yellow oil. HPLC analysis was carried out using xx% isopropanol in n-





























Compound 5.25d (56 mg, 0.15 mmol) and indole (17 mg, 0.15 mmol) were added into a 
pressure vessel containing 4Å MS (110 mg). (R)-catalyst 5.8d (31 mg, 0.04 mmol) was then added, 
and the mixture was dissolved in dry DCE (3.0 mL). Upon stirring at -5 °C using cryo cooler for 
187 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude reaction 
mixture was directly purified with flash column chromatography using n-hexanes:EtOAc = 90:10 
® 70:30 to give a mixture of inseparable products (+)-5.27d and 5.28d in >20:1 rr (32 mg, 45% 
yield, 89:11 er) as yellow oil. HPLC analysis was carried out using gradient 3-4% isopropanol in 
n-hexanes for 80 minutes. 
The characterization of (+)-5.27d: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.96 (s, 1H), 
7.76 (d, J = 8.3 Hz, 2H), 7.63 (d, J = 7.9 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.26 (d, J = 8.3 Hz, 
4H), 7.20 (ddd, J = 8.3, 6.9, 1.1 Hz, 1H), 7.15 – 7.10 (m, 2H), 4.08 (dd, J = 9.2, 3.1 Hz, 1H), 3.00 
(s, 3H), 2.40 (s, 3H), 2.39 – 2.30 (m, 1H), 2.26 – 2.15 (m, 3H), 1.93 – 1.85 (m, 1H), 1.81 (dddd, J 
= 11.7, 8.9, 4.9, 2.2 Hz, 1H), 1.38 – 1.05 (m, 12H), 0.86 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, 
CDCl3): δ (ppm) = 145.36, 143.23, 136.66, 136.49, 134.53, 129.52, 127.51, 126.80, 121.87, 
121.58, 119.19, 119.06, 118.63, 111.16, 41.20, 36.43, 31.85, 30.41, 29.63, 29.34, 29.21, 28.96, 
27.12, 26.91, 22.63, 21.49, 14.09. IR (cm-1): f = 3409, 2925, 2854, 1457, 1155, 1088, 1012, 813, 
DCE (0.05 M),





















741, 664, 585, 549. HRMS (M+H)+ = 479.2727 calculated for C29H39N2O2S; experimental = 





Compound 5.25e (83 mg, 0.26 mmol) and indole (30 mg, 0.26 mmol) were added into a 
pressure vessel containing 4Å MS (170 mg). (R)-catalyst 5.8d (18 mg, 0.03 mmol) was then added, 
and the mixture was dissolved in dry DCE (5.1 mL). Upon stirring at -5 °C using cryo cooler for 
140 hours, the reaction mixture was neutralized with 0.5 mL of Et3N,  and the crude reaction 
mixture was directly purified with flash column chromatography using n-hexanes:EtOAc = 90:10 
® 70:30 to give a mixture of inseparable products (+)-5.27d and 5.28d in >20:1 rr (38 mg, 35% 
DCE (0.1 M),
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yield, 74:26 er) as yellow oil. HPLC analysis was carried out using 3% isopropanol in n-hexanes 
for 60 minutes. 
The characterization of (+)-5.27e: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.98 (S, 1H), 
7.76 (d, J = 8.5 Hz, 2H), 7.66 (d, J = 8.0 Hz, 1H), 7.39 (dt, J = 8.5, 0.9 Hz, 1H), 7.26 (d, J = 8.0 
Hz, 2H), 7.21 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.18 (d, J = 2.4 Hz, 1H), 7.13 (ddd, J = 7.9, 7.0, 1.1 
Hz, 1H), 4.08 – 4.04 (m, 1H), 2.98 (s, 3H), 2.40 (s, 3H), 2.33 (dd, J = 14.0, 10.6 Hz, 1H), 2.22 – 
2.11 (m, 2H), 2.08 – 2.01 (m, 1H), 1.96 – 1.84 (m, 2H), 1.72 (dtd, J = 10.9, 6.7, 4.3 Hz, 1H), 0.80 
(dd, J = 6.6, 4.8 Hz, 6H).	13C NMR (125 MHz, CDCl3): δ (ppm) = 144.98, 143.29, 136.68, 136.48, 
135.47, 129.55, 127.57, 126.93, 121.91, 121.70, 119.25, 119.02, 118.63, 111.14, 41.14, 36.25, 
35.99, 30.54, 28.14, 26.03, 23.49, 21.74, 21.49. IR (cm-1): f = 3409, 2954, 2927, 2866, 1457, 1339, 
1259, 1153, 1087, 1012, 908, 797, 732.	HRMS (M+H)+ = 423.2101 calculated for C25H31N2O2S; 




Compound 5.25f (52 mg, 0.17 mmol) and indole (20 mg, 0.17 mmol) were added into a 
pressure vessel containing 4Å MS (100 mg). (R)-catalyst 5.8d (12 mg, 0.02 mmol) was then added, 
and the mixture was dissolved in dry DCE (3.4 mL). Upon stirring at -5 °C using cryo cooler for 
258 hours, the reaction mixture was neutralized with 0.5 mL of Et3N, and the crude reaction 
mixture was directly purified with flash column chromatography using n-hexanes:ethyl acetate = 
DCE (0.05 M),

















90:10 ® 70:30 to give a mixture of inseparable products (+)-5.27f and 5.28f in >20:1 ratio (38 
mg, 55% yield, 86:14 er) as yellow oil. HPLC analysis was carried out using 7.5% isopropanol in 
n-hexanes for 60 minutes. 
The characterization of (+)-5.27f: 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.98 (s, 1H), 
7.76 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 7.9 Hz, 1H), 7.38 (d, J = 8.2 Hz, 1H), 7.27 (d, J = 8.1 Hz, 
2H), 7.20 (t, J = 7.6 Hz, 1H), 7.13 (dt, J = 7.7, 1.2 Hz, 1H), 7.10 (d, J = 2.3 Hz, 1H), 5.74 – 5.64 
(m, 1H), 4.93 – 4.83 (m, 2H), 4.12 – 4.07 (m, 1H), 3.16 (dd, J = 15.0, 5.8 Hz, 1H), 3.00 (s, 3H), 
2.53 (dd, J = 14.9, 7.3 Hz, 1H), 2.41 (s, 3H), 2.29 – 2.15 (m, 3H), 1.92 (ddt, J = 11.4, 7.6, 3.8 Hz, 
1H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 143.37, 142.75, 136.70, 136.36, 135.36, 135.07, 
129.58, 127.53, 126.75, 121.94, 121.67, 119.25, 119.12, 118.42, 115.85, 111.16, 41.37, 36.45, 
31.51, 30.17, 29.06, 21.52. IR (cm-1): f = 3409, 2926, 2855, 1457, 1424, 1339, 1154, 1088, 994, 
912, 814, 742, 664, 586, 548. HRMS (M+H)+ = 407.1788 calculated for C24H27N2O2S; 
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Major product MS at 20.017min: 
	






















































































































































































































































Atropisomerism due to bond rotation of the enamide’s C-N axis was not detected at temperatures 
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